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pressure  acting  on  the  modified  wall  separating  the  center  sluice  gate  chamber 
from  the  lower  service  gallery.  In  addition,  vertical,  transverse,  and 
longitudinal  structure  accelerations  were  measured  in  the  vicinity  of  the 
center  sluice  gate  and  on  the  sluice  emergency  gate  during  an  emergency  gate 
lowering  operation... 

Results  of  the  data  reduction  indicated  a  virtual  elimination  of  the 
cavitation-inducing  negative  pressures  on  the  center  sluice  invert  that  existed 
prior  to  the  installation  of  the  aeration  system.  An  increase  in  airflow 
occurred  through  the  air  vents  during  combined  spillway-sluice  flow  due  to 
hindrance  of  ventilation  through  the  exit  portal.  Unsteady  airflow  (gusting) 
existed  in  each  air  vent  and  ranged,  on  the  average,  +25  percent  of  mean  flow 
at  a  frequency  of  approximately  0.4  cps .  Data  also  indicated  that  unequal 
service  gate  operation  may  cause  different  airflows  than  uniform  gate  opera¬ 
tion.  Except  for  the  head  loss  through  the  right  sluice  vent,  maximum  recorded 
air  vent  velocities  and  head  losses  exceeded  the  limits  suggested  in  EM  1110-2- 
1602.  The  recorded  pressures  acting  on  the  service  gallery  wall  were  less 
than  the  design  value.  Structural  vibrations  were  generally  insignificant 
during  all  tests.  The  emergency  gate  was  subjected  to  significant  vibrations 
during  the  unsuccessful  emergency  gate  closure. 
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The  prototype  tests  described  herein  were  conducted  during  September 
1982  by  the  U.  S.  Army  Engineer  Waterways  Experiment  Station  (WES)  under  the 
sponsorship  of  the  U.  S.  Army  Engineer  District,  Seattle. 
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Mr.  McGee  under  the  supervision  of  Mr.  E.  D.  Hart,  Chief  of  the  Prototype 
Evaluation  Branch.  Instrumentation  support  was  provided  by  Messrs.  W.  Guy 
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CONVERSION  FACTORS,  U.  S.  CUSTOMARY  TO  METRIC  (SI) 
UNITS  OF  MEASUREMENT 


U.  S.  customary  units  of  measurement  used  in  this  report  can  be  converted  to 


metric  (SI)  units  as  follows: 

Multiply 

By 

To  Obtain 

acre-feet 

1233.482 

cubic  metres 

cubic  feet  per  second 

0.02831685 

cubic  metres  per  secom 

feet 

0.3048 

metres 

feet  per  second 

0.3048 

metres  per  second 

feet  per  second  per 
second 

0.3048 

metres  per  second  per 
second 

inches 

25.4 

millimetres 

inches  per  second 

25.4 

millimetres  per  second 

miles  (U.  S.  statute) 

1.609344 

kilometres 

pounds  (force)  per 
square  inch 

6894.757 

pascals 

square  feet 

0.09290304 

square  metres 

3 


1.  Libby  Dam  (Figure  1)  is  located  on  the  Kootenai  River  in  north¬ 
western  Montana  221.9*  river  miles**  upstream  from  its  confluence  with  the 


2.  The  existing  project  consists  of  a  concrete  gravity  structure,  a 
reservoir  (Lake  Koocanusa)  having  a  total  gross  capacity  of  5,870,000  acre-ft 
at  maximum  lake  elevation  2459  ft  NGVD,*  and  a  hydropower  installation  of  five 
105 ,000-kw  units.  Ultimate  hydropower  will  include  eight  units.  The  maximum 
length  of  the  lake  is  90  miles  (42  of  which  extend  into  Canada).  The  lake 
provides  4,98 0,000  acre-ft  of  flood  storage. 

Spillway  and  Outlet  Works 

3.  Desired  flow  tftuugh  the  structure  is  accomplished  by  means  of  a 
two-bay  ogee  spillway  over  which  flow  is  controlled  by  two  48-ft-wide  by 
56-ft-high  tainter  gates  and  three  sluices,  each  10  ft  wide  by  22  ft  high, 
controlled  by  10-ft-wide  by  17-ft-high  tainter  gates.  Both  the  spillway  and 
sluices  empty  into  the  same  hydraulic  jump-type  stilling  basin  with  sloping 
end  sill  and  no  baffles. 


Purpose  and  Scope  of  Tests 

Background 

4.  Libby  Dam  became  operational  in  March  1972.  Major  cavitation  damage 
occurred  in  the  center  and  right  sluices  in  September  1973  and  July  1974,  re¬ 
spectively.  Following  repairs  to  the  center  sluice,  the  U.  S.  Army  Engineer 
District,  Seattle,  requested  the  U.  S.  Army  Engineer  Waterways  Experiment  Sta¬ 
tion  (WES)  Hydraulics  Laboratory  to  conduct  field  measurements  to  determine 
the  pressures  acting  on  the  invert  of  the  center  sluice.  Tests  were  conducted 
in  1974  and  a  report  of  findings  was  published  in  1976  ( Hart  and  Tool  1976). 
With  this  information  as  reference  material,  WES  conducted  a  model  study  of 
the  sluice  (Dortch  1976).  As  a  result,  an  aerator  device  was  designed  that 
would  aerate  the  flow  along  the  sluice  boundaries  without  adversely  affecting 
flow  conditions. 

5.  The  recommended  aeration  system  consists  of  a  slot  in  both  sidewalls 
and  the  floor  of  each  sluice  as  shown  in  Plate  1.  Upon  request  by  the  Seattle 
District,  tests  were  conducted  in  1980  to  measure  the  air  demand  during  the 
operation  of  the  modified  sluices  and  a  report  of  findings  was  published 

*  All  elevations  (el)  cited  herein  are  in  feet  referred  to  the  National 
Geodetic  Vertical  Datum  (NGVD). 


(Hart  1981).  Data  derived  from  the  test  program  were  used  as  criteria  for  de¬ 
sign  of  a  more  efficient  air  vent  system. 

6.  The  resulting  modification  to  the  air  vent  system  was  designed  to 
create  individual  air  vents  for  each  sluice,  as  opposed  to  the  interconnected 
air  vent  system  initially  used  at  Libby  Dam,  by  streamlining  the  transition 
from  the  air  vents  to  the  crossover  conduits  that  lead  to  the  center  sluice 
gate  chamber  as  shown  in  Figure  3.  The  modification  consists  of  a  splitter 
plate  in  the  air  vents  to  divert  airflow  directly  into  the  4-  by  4-ft  crossover 
conduit  and  into  the  respective  outboard  gate  chamber  (Plate  1).  The  Seattle 
District  requested  a  proposal  to  measure  the  postmodification  airflow  through 
the  vent  system  along  with  the  now-existing  sluice  invert  pressures. 

Purpose 

7.  The  primary  purpose  of  the  test  program  was  to  conduct  a  comprehen¬ 
sive  prototype  evaluation  of  the  postmodification  (i.e.  aerator  installation 
and  air  vent  streamlining)  operating  conditions  of  the  project.  The  WES  test 
program  included  measurement  of  (a)  air  vent  discharge  into  the  right  and  cen¬ 
ter  sluices,  (b)  pressures  existing  in  the  aerator  slot  of  the  center  sluice, 
and  (c)  resulting  invert  pressures  acting  along  the  center  line  of  the  center 
sluice.  Pressure  drops  from  the  atmosphere  to  the  right  and  center  sluice 
gate  chambers  were  measured  along  with  the  pressure  acting  on  the  modified 
wall  separating  the  center  sluice  gate  chamber  from  the  lower  service  gallery. 
In  addition,  accelerometer  measurements  were  taken  to  determine  the  vibration 
frequency  and  magnitude  of  the  concrete  structure  in  the  vicinity  of  the  center 
sluice  gate  during  sluice  operation  and  of  the  sluice  emergency  gate  during  an 
emergency  gate  lowering  procedure. 

Scope 

8.  Four  series  of  tests  (A,  B,  C,  and  D) ,  each  performed  under  different 
flow  conditions,  were  conducted  at  Libby  Dam  during  21-22  September  1982. 

Series  A  was  conducted  with  center  sluice  discharge  only;  Series  B  was  con¬ 
ducted  with  center  sluice  discharge  and  spillway  discharge;  Series  C  was  con¬ 
ducted  with  all  three  sluices  operating  uniformly;  and  Series  D  utilized  all 
three  sluices  and  spillway  flow.  Each  series  covered  a  full  range  of  sluice 
gate  openings  at  2-ft  increments  from  1  to  15  ft  at  an  average  pool  elevation 
of  2458.  An  additional  test,  referred  to  as  Series  E,  was  conducted  by  lower¬ 


ing  the  emergency  gate  in  the  center  sluice.  During  this  test,  the  sluice 
service  gate  was  opened  to  11  ft  with  no  discharge  over  the  spillway. 


Figure  3.  Air  vent  system,  looking  upstream 


PART  II:  TEST  FACILITIES,  EQUIPMENT,  AND  PROCEDURES 


Test  F.tc  i  I  i  t  xes 

9.  Locations  of  the  test  instrumentation  are  shown  in  Plates  1-5. 

The  different  types  of  transducers  used  in  the  measurements  described  herein 
are  shown  in  Figure  4,  and  the  specifics  of  each  transducer  are  listed  in 
Table  1. 


SL  I 
SL? 
SL3 


BGAi 


Figure  4.  Test  instrumentation  (scale  in  centimetres) 

Air  velocity 

10.  Air  vent  design.  The  original  air  vent  system  supplied  air  to  the 
sluices  through  two  5-  by  7-ft  conduits  connecting  the  outboard  sluice  gate 
chambers  with  the  atmosphere  at  the  downstream  face  of  the  dam.  Air  was  sup¬ 
plied  to  the  center  sluice  by  4-  by  4-ft  crossover  conduits  connecting  the 
center  sluice  gate  chamber  with  the  outboard  sluice  gate  chambers  (Figure  3). 
Because  an  extremely  unstable  and  possibly  insufficient  amount  of  air  was 
being  supplied  to  the  center  sluice  through  this  inefficient  interconnected 
vent  system,  the  design  and  construction  of  an  independent  air  vent  for  the 
center  sluice  were  accomplished. 

11.  Location  of  the  spillway  precluded  duplicating  the  outboard  air 
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vent  geometry.  The  existing  center  sluice  routing  was  made  independent  by 
directly  connecting  the  crossover  conduits  with  the  upper  one-third  of  eac 
outboard  air  vent.  This  was  accomplished  by  installing  a  splitter  plate  e 
tending  the  entire  length  of  each  air  vent  and  connecting  this  upper  porti 
to  the  crossover  conduits  with  a  streamlined  90-deg  bend  gradually  expandi 
from  12  sq  ft  (area  of  each  upper  vent)  to  16  sq  ft  (area  of  each  crossove 
conduit).  This  modification,  shown  in  Plate  2,  almost  equally  distributes 
the  total  available  cross-sectional  area  of  airflow  among  all  sluices  and 
creates  independent  air  vents  for  each  sluice.  Figures  5  and  6  show  the 
upper  and  lower  portion  of  the  vents  created  by  the  splitter  plate  leading 
the  center  and  right  sluices,  respectively. 

12.  Instrumentation.  Pitot  tube  differential  pressures  were  measun 
at  the  locations  listed  in  Table  1  and  shown  in  Plate  1  for  determining  thi 
air  velocities  in  the  air  vents.  Special  struts  (Plate  2)  were  fabricated 
house  the  instrumentation  used  in  acquiring  the  necessary  data.  Pitot  tub 
extended  downstream  and  upstream  (water  flow)  for  detecting  flow  into  and  < 
of  the  air  vents,  respectively. 

13.  The  struts  consisted  of  two  halves,  bolted  together,  with  inter 
sections  removed  to  accommodate  the  pitot  tubes,  pressure  transducers,  ele 
trical  cables,  and  plastic  tubing.  Strut  brackets  were  fabricated  to  atta 
to  the  air  vent  walls  for  encasing  the  air  vent  strut  ends.  After  bolting 
brackets  in  place,  setscrews  were  used  to  hold  the  struts  securely  in  plao 
The  electrical  cables  that  exited  from  the  end  of  the  struts  were  attached 
anchor  bolts  in  the  reach  within  the  vent.  Figure  7  shows  an  air  vent  stri 
with  its  instrumentation  exposed  and  ai .o  the  same  strut  installed  with 
brackets  and  accompanying  secured  cables. 

Aerator  slot  pressures 

14.  The  aerator  (Dortch  1976)  basically  consists  of  two  parts,  the 
slot  and  the  deflector.  The  deflector,  located  on  the  upstream  side,  has  ; 
height  of  1.5  in.  above  the  invert  of  the  sluice  with  a  deflection  angle  o 
3.18  deg  and  is  provided  to  create  a  low  pressure  region  in  the  slot  and  t< 
prevent  water  flow  from  entering  the  slot.  The  slot,  approximately  2.5  ft 
deep  by  3  ft  wide,  extends  along  the  floor  and  both  walls  of  the  sluice, 
passage  permits  a  sufficient  flow  of  air  (drawn  by  the  negative  pressure) 
the  gate  chamber  to  aerate  the  flow  along  the  downstream  boundaries  of  the 
sluice.  Aerator  details  are  shown  in  Plate  3. 
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Figure  5.  Upper  portion  of  air  vent  to  center  sluice 
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Right  sluice  air  vent 


15.  Six  pressure  transducer  mounting  boxes  were  installed  in  the  center 
sluice  aerator  slot  as  shown  in  Plates  1  and  3.  Two  interchangeable  cover 
plates  were  fabricated  for  each  mounting  box,  one  for  a  permanent  cover  and 
one  for  WES  to  install  the  pressure  transducer  just  prior  to  testing.  Three 
were  located  in  the  slot  in  the  right  wall  (looking  downstream)  and  three  in 
the  floor  along  the  center  line  of  the  sluice.  Figure  8  shows  the  aerator 
slot  transducers  located  in  the  floor  during  installation. 


Figure  8.  Aerator  slot  pressure  transducers  (AR4,  5,  6) 


16.  The  transducer  cables  passed  from  the  mounting  boxes  through  embed¬ 
ded  electrical  conduit  upward  to  the  center  sluice  gate  chamber.  Junctions 


Figure  9.  Entrance  to  aerator  slot 

14 


in  the  center  mounting  box  of  each 
transducer  cluster  allowed  all 
cables  to  be  fed  through  a  common 
conduit  terminating  above  the 
aerator  slot.  Figure  9  shows  the 
entrance  to  the  aerator  slot  and 
the  transducer  cable  conduit  termi¬ 
nating  in  the  gate  chamber. 

Sluice  pressures 

17.  Pressure  transducer 
mounting  boxes  were  installed  in 
the  floor  of  the  center  sluice  at 
the  locations  shown  in  Plate  4  for 
the  center  sluice  investigation 
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conducted  prior  to  the  aerator  installation  (Hart  and  Tool  1976).  These  same 
facilities  were  utilized  for  this  test  program  with  transducers  being  placed 
at  locations  SL1-SL5  (Plate  4)  along  the  center  line  of  the  sluice  invert. 
Location  SL6  could  not  be  instrumented  as  proposed  because  of  blockage  in  its 
cable  passage.  The  transducer  cables  were  passed  through  the  existing  drilled 
holes  into  the  drainage  gallery  at  el  2081.5  and  routed  to  the  monitoring 
station. 

Gate  chamber  pressures 

18.  Pressure  in  the  gate  chambers  of  the  center  and  right  sluices  was 
measured  with  differential  pressure  transducers,  GCC  and  GCR,  and  with  an 
absolute  pressure  transducer,  CSC.  A  description  of  the  transducers  is  given 
in  Table  1  and  the  location  of  each  is  shown  in  Plate  1. 

19.  The  purpose  of  the  differential  pressure  transducers  was  to  measure 
the  drop  in  pressure  from  the  atmosphere  to  the  aerator.  The  transducer  for 
the  right  sluice  (GCR)  was  attached  to  the  handrail  directly  above  the  en¬ 
trance  to  the  aerator  and  the  center  sluice  transducer  (GCC)  was  placed  on  the 
walkway  floor  directly  adjacent  to  the  aerator  entrance.  One  port  of  each 
transducer  measured  the  pressure  at  the  aerator  and  the  other  was  exposed  to 
atmospheric  pressure  in  the  service  gallery  by  1/4-in. -inside-diam  tubing. 

20.  Transducer  CSC  was  used  to  measure  the  pressure  acting  on  the 
modified  service  gallery  wall  for  the  center  sluice  gate  chamber.  The  trans¬ 
ducer  was  located  inside  the  gate  chamber  on  a  handrail  next  to  the  wall  door. 
Figure  10  shows  the  wall  and  transducer  CSC. 

Structure  and  emergency  gate  vibrations 

21.  Structure  vibrations  in  the  vicinity  of  the  center  sluice  gate 

were  measured  with  a  cluster  of  three  accelerometers,  SGAV,  SGAT,  SGAL,  measur¬ 
ing  accelerations  in  the  vertical,  transverse  (perpendicular  to  flow),  and 
longitudinal  (upstream/downstream)  directions,  respectively.  The  cluster  was 
located  directly  over  the  center  sluice  on  the  service  gallery  floor  at 
el  2240.25  (Plate  1).  An  identical  cluster,  housed  in  a  waterproof  canister, 
was  epoxied  to  an  interior  beam  of  the  emergency  gate  as  shown  in  Plate  5. 

The  transducer  cables  passed  to  the  top  through  3-in.  drain  holes  in  each 
bean  of  the  gate  and  then  down  a  utility  shaft  to  the  monitoring  station. 

Figure  11  shows  the  accelerometer  clusters  on  the  gallery  floor  and  the 
emergency  gate. 
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Figure  10.  Modified  lower  service 
gallery  wall  and  transducer  CSC 

Other  Measurements 

22.  Other  recorded  data  consisted  of  reservoir  water-surface  elevation, 
air  temperature,  gate  opening,  and  water  discharge.  These  data  were  provided 
by  project  and  District  personnel.  Water  discharge  data  were  provided  by  the 
Seattle  District  and  are  based  on  correlation  of  prototype  gate  setting  with 
the  USGS  stream  gage  immediately  downstream  of  the  project. 

Test  Equipment 


23.  The  test  equipment  listed  and  described  herein  includes  the 
transducers,  cables,  and  recording  equipment.  Transducers  used  in  the  test 
were  as  follows: 

a.  Air  velocity  (pitot  tube  pressure  differential):  +0.5  psid 
pressure  transducers. 

b.  Aerator  slot  pressures:  +15  psia  pressure  transducers. 

c.  Sluice  invert  pressures:  100  psia  pressure  transducers. 

d.  Gate  chamber  pressures. 

(1)  Differential  (center  sluice):  +5  psid  pressure 
transducer . 
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(2)  Differential  (right  sluice):  +0.5  psid  pressure 
transducer. 

(3)  Lower  service  gallery  wall:  +15  psia  pressure  transducer. 

e.  Vibrations  (accelerometers). 

(1)  Service  gallery:  0.01  g  to  50  g  servo-accelerometers. 

(2)  Emergency  gate:  +5  g  accelerometers. 

24.  Cable  lengths  required  for  the  test  program  were  determined  from 
contract  drawings  and  actual  measurements  at  the  project.  These  cable 
lengths  (listed  in  Table  1)  were  cut  and  used  in  the  calibration  of  their 
corresponding  transducers  to  account  for  line  losses.  Almost  2.5  miles  of 
cable  was  required  for  the  Libby  Dam  test  program. 

25.  The  recording  equipment  consisted  of:  (a)  WES-fabricated  model 
01,  02,  and  03  bridge  amplifiers  to  condition  transducer  output  signals, 

(b)  WES-fabricated  calibration  panel,  (c)  a  Sangamo  model  Sabre  III,  32-track 
magnetic-tape  recorder  with  a  frequency  response  from  DC  to  40  kHz,  (d)  a 
CEC  model  5-119,  12-in.  chart,  oscillograph  capable  of  reproducing  36  channels 
of  data  at  a  paper  speed  from  0.25  ips  to  160  ips  at  a  frequency  response  of 
DC  to  40  kHz,  (e)  CEC  model  7-363  galvanometers,  (f)  WES-fabricated 
galvanometer-driver  amplifiers  (to  allow  playback  from  magnetic  tape  to  oscil¬ 
lograms),  and  (g)  Fluke  model  8200  A  digital  voltmeter  and  Techtronics  type 
422  oscilloscope  for  periodic  data  checks  during  testing.  Figure  12  shows 
equipment  setup  at  the  recording  station. 

Test  Procedures 

26.  The  tests  were  conducted  on  21-22  September  1982  in  the  following 
sequence : 

a.  Series  A;  center  sluice  discharge. 

b.  Series  B;  center  sluice  and  spillway  discharge. 

c .  Series  C;  discharge  all  sluices. 

d.  Series  D;  discharge  all  sluices  and  spillway. 

e.  Series  E;  emergency  gate  lowered  with  center  sluice  discharge. 
Individual  tests  were  recorded  on  magnetic  tape  for  4  min.  A  portion  of  the 
taped  data  was  transferred  to  oscillograms  to  confirm  that  the  data  were 
being  recorded  properly  and  to  make  a  visual  check  and  some  initial  computa¬ 
tions  of  results. 

27.  The  procedure  was  generally  the  same  for  test  Series  A,  B,  C,  and 
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Figure  12.  Recording  station  and  equipment 

D  (Series  E  performed  at  one  gate  opening  only)  and  consisted  of  the 
following: 

a.  Record  test  number,  gate  opening,  date,  time,  and  conditions. 

b.  Record  step  calibrations. 

c.  Record  zero  levels. 

d.  Raise  test  gate  to  desired  opening;  allow  flow  to  stabilize. 

e.  Record  data  on  tape  and  oscillograms. 

f.  Record  discharge,  pool  elevations ,  and  air  and  water 
temperatures . 

g.  Repeat  steps  a,  c-f  for  each  gate  opening. 

h.  Record  posttest  step  calibration. 

28.  Voice  comments  on  the  tape  and  notes  on  the  oscillograms  were 
continuously  made  for  later  reference.  Gain  changes  and  calibrations  were 
made  as  required  during  the  test  period. 
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PART  III:  TEST  RESULTS  AND  ANALYSIS 


29.  All  data  channels  were  recorded  and  reduced  simultaneously  providing 
a  direct  time-dependent  relationship  among  all  channels.  All  data  reduction 
was  conducted  at  WES.  To  reduce  the  data,  each  recorded  4-min  test  was 
visually  scanned  and  a  representative  1-min  sample  of  each  data  channel  digi¬ 
tized.  These  data  were  then  digitally  filtered  to  obtain  the  optimum  sampling 
rate  and  time  span  (40  sec)  for  the  data  analysis  of  each  parameter  measured. 


Air  Discharge 


30.  Pitot  tube  differential  pressures  were  measured  at  the  locations 
shown  in  Plate  1  for  determining  the  air  discharge  in  the  air  vents  feeding 
the  center  (LV1-2)  and  right  (RV1-2  and  RV3-6)  sluices.  Differential  pressures 
from  transducers  LV1,  RV1 ,  and  RV3-5  were  used  to  compute  airflow  into  the 
sluices  (upstream  direction).  Transducers  LV2,  RV2,  and  RV6  recorded  pressure 
differentials  relating  to  reverse  airflow  (downstream  direction). 

31.  Velocity  at  a  point  Vp  is  proportional  to  the  recorded  differen¬ 
tial  pressure  when  measured  by  a  pitot  tube  (Rouse  1962) .  This  relation  is 
given  by  the  equation 

Vp  =  K^Ap”  (1) 

where 

K  =  constant  of  proportionality 
Ap  =  differential  pressure  between  points  A  and  B  (Figure  13). 


Figure  13.  Pitot  tube  tip 

The  pitot  tubes  used  in  the  Libby  tests  were  calibrated  by  the  National  Space 
Technology  Laboratories  (NSTL) ,  Bay  St.  Louis,  Miss.  (Hart  1981).  The  cali¬ 
brated  value  of  K  was  determined  to  be  351.90.  The  Mach  number  for  all  point 
velocities  measured  was  less  than  unity,  the  "worst-case"  average  value  being 
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0.23.  For  engineering  calculations  the  effects  of  compressibility  may  be 
safely  neglected  if  the  Mach  number  is  less  than  0.30  (Vennard  and  Street  1975). 
Therefore  the  compressibility  of  air  was  not  considered  in  the  data  analysis. 

32.  Each  pitot  tube  support  strut  was  located  approximately  30  ft  from 
the  beginning  of  the  splitter  plate  section.  This  corresponds  to  strut  loca¬ 
tions  of  9.1  equivalent  diameters  (D^  =  3.29  ft)  for  the  right  and  left  vents 

leading  to  the  center  sluice  and  6.2  equivalent  diameters  (D  =  4.87  ft)  for 

e 

the  right  sluice  air  vent.  Point  velocities  were  measured  at  the  vertical 
locations  in  the  air  vents  shown  in  Plate  2. 

33.  In  all  vents,  the  velocity  distribution  was  assumed  to  be  essen¬ 
tially  uniform  from  wall  to  wall.  This  assumption  is  considered  adequate  due 
to  (a)  the  short  distance  from  the  vent  entrances  to  the  measurement  locations, 
(b)  the  high  Reynolds  number  (fl)  computed  for  each  test  indicating  turbulent 
flow,  and  (c)  the  fact  that  the  measured  data  at  three  vertical  points  in  the 
right  sluice  air  vent  were  essentially  equal.  Therefore  the  velocity  for  the 
right  sluice  air  vent  was  assumed  to  be  the  average  of  the  three  measurements 
(RV3,  4,  5)  while  the  velocities  for  the  center  sluice  air  vents  were  assumed 
to  be  the  measured  values  of  the  single  pitot  tubes,  LV1  and  RV1 .  The  degree 
of  validity  of  this  assumption  can  be  demonstrated  with  the  standard  deviation 
of  the  cross-sectional  point  velocities  measured  in  the  right  sluice  vents, 
i.e.  RV3,  RV4,  and  RV5 .  The  standard  deviation,  on  the  average,  was  5.8  per¬ 
cent  of  the  mean  implying  that  the  assumption  of  uniform  velocity  distribution 
at  the  strut  is  reasonable.  The  velocities  were  multiplied  by  the  cross- 
sectional  area  of  the  respective  air  vents  (shown  in  Plate  2)  to  determine  the 
discharge . 

34.  As  stated  earlier,  the  test  program  was  divided  into  four  major 
test  series,  i.e.,  Series  A,  B,  C,  and  D,  with  each  being  conducted  under 
different  flow  conditions  (explained  in  paragraph  26).  Measured  point 
velocities  for  each  test  series  are  given  in  Tables  2,  3,  4,  and  5  with  the 
corresponding  discharges  presented  in  Table  6. 

Air  vents 

35.  All  pertinent  airflow  data  channels  (those  shown  in  Plate  1)  re¬ 
sponded  very  similarly  providing  excellent  correlation  between  measurement 
locations.  This  is  evident  in  the  typical  airflow  and  pressure  time-histories 
given  in  Plate  6.  Therefore  the  total  airflow  feeding  the  center  sluice 
through  the  air  vents  at  any  given  point  in  time  was  computed  to  be  the  sum  of 
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the  right  vent  discharge  (RV1)  and  the  left  vent  discharge  (LV1).  A  typical 
example  showing  that  the  right  and  left  vents  feed  the  center  sluice  essen¬ 
tially  equal  quantities  is  shown  by  the  plot  of  average  airflow  versus  gate 
opening  in  Figure  14. 

36.  As  shown  by  Plate  7,  the  center  sluice  airflow  curves  for  all  test 

series  follow  the  same  general  shape.  In  each  series,  the  highest  average 
airflow  occurred  at  a  gate  opening  of  9  ft,  or  53  percent  of  full  gate  open¬ 
ing.  Other  maximums  also  occurred  at  gate  openings  of  7  ft  during  Series  C 
and  15  ft  during  Series  A  and  C.  The  lowest  average  airflow  occurred  at  the 
1-ft  gate  opening  in  all  cases.  The  data  indicate  that  airflow  through  the 
center  vent  system  varies  somewhat  depending  on  whether  the  center  sluice  is 
operating  alone  or  in  combination  with  the  outboard  sluices.  There  was  no 
recorded  reversal  of  airflow  in  the  center  sluice  air  vent  system.  Although 
there  was  a  continuous  signal  from  transducers  RV2  and  LV2,  it  was  due  to  air 
flowing  in  the  direction  opposite  of  that  shown  in  Figure  13. 

37.  Plate  8  gives  the  airflow  curves  for  the  right  sluice  during  uni¬ 

form  center  and  right  sluice  service  gate  operation.  Airflow  differed  con¬ 
siderably  from  Series  C  to  Series  D  at  gate  openings  greater  than  50  percent. 
The  maximum  average  airflow  for  Series  C  occurred  at  the  7-ft  gate  opening, 
while  the  maximum  for  Series  D  occurred  at  the  11-ft  gate  opening.  Also,  at 
the  higher  gate  openings  the  airflow  tended  to  increase  with  gate  position 

during  Series  D,  whereas  the  airflow  tended  to  decrease  with  gate  opening  dur 

ing  Series  C.  This  is  partly  due  to  hindrance  of  the  exit  portal  ventilation 
during  spillway  flow  (explained  in  detail  in  paragraph  40).  Also  shown  in 
Plate  8  is  the  right  sluice  airflow  curve  determined  by  an  earlier  test  con¬ 
ducted  by  WES  (Hart  1981).  This  earlier  test  is  most  closely  comparable  to 
Series  C  tests.  As  is  readily  seen,  the  discharges  in  the  earlier  test  were 
significantly  less  than  those  measured  in  Series  C.  This  is  due  in  part  to 
the  considerable  streamlining  of  the  exit  portal  of  the  right  vent  (Figure  6) 
The  premodified  air  vent  was  connected  to  the  right  sluice  chamber  by  a  con¬ 
stricting  90-deg  miter  bend  at  the  top  of  the  gate  chamber  (Figure  15).  The 
bend  was  streamlined  by  modifying  its  geometry  as  shown  in  Figure  15.  This 
provides  a  larger,  smoother,  more  efficient  transition  from  the  air  vent  to 
the  sluice  chamber.  In  addition  to  the  air  vent  modification,  two  other  dif¬ 
ferences  in  test  conditions  are  cited  as  possible  contributors  to  the  differ¬ 
ences  in  discharges.  First,  the  method  of  data  acquisition  employed  in  the 
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earlier  tests,  i.e.,  data  read  from  a  digital  multimeter  along  with  very  si 
time-histories  being  recorded  on  an  oscillograph  chart,  were  not  adequate 
accurately  record  the  complex  airflow  conditions  that  existed.  Second,  t hi 
earlier  data  were  measured  with  only  the  right  sluice  operating  while  the 
present  data  were  measured  with  all  three  sluices  open. 

38.  At  high  gate  openings  during  Series  D  (with  spillway  flow),  ser 
gate  operation  was  altered  in  order  to  maintain  the  established  tailwater  < 
teria.  Instead  of  operating  all  sluice  gates  uniformly,  the  outboard  sluii 
were  operated  at  lower  gate  openings  than  the  center  sluice.  The  respecti' 
gate  positions  in  each  sluice  during  the  affected  tests  are  given  below. 

_ Gate  Opening,  ft _ 

Test  Center  Sluice  Outboard  Sluices 

1  15  12 

2  16  11 

The  airflows  in  the  right  vent  during  Tests  3  and  2  were  considerably  less 
than  the  corresponding  airflows  during  uniform  gate  operations.  This  is  si 
in  Figure  16.  These  results  suggest  that  unequal  gate  operation  may  cause 
airflow  to  be  different  from  that  existing  with  uniform  gate  operation. 

39.  There  was  no  reverse  airflow  in  the  right  sluice  vent  during  r i j 
sluice  operation  (Series  C  and  D).  However,  the  tests  indicated  that  revei 
airflow  existed  in  the  air  vent  feeding  the  right  sluice  during  Series  A  ii 
which  the  right  sluice  was  not  operating.  These  flows,  given  in  Table  6, 
ranged  from  no  detectable  airflow  at  the  7-ft  center  sluice  gate  opening  t< 
maximum  airflow  of  1,171  cfs  at  the  3-ft  gate  opening.  This  air  is  being  < 
back  through  the  lower  vent  because  of  the  low  pressures  created  by  the  hij 
velocity  airflow  in  the  entrance  portal  of  the  upper  vent  in  the  vicinity  < 
the  splitter  plate  (Figure  17). 

40.  An  overall  increase  of  air  discharge  through  the  vents  was  obse 
for  tests  conducted  with  combined  sluice  and  spillway  flow,  i.e.  Series  B  , 
D.  Because  of  the  outlet  works  configuration  (Figure  3),  spillway  dischar; 
is  directed  over  the  sluice  exit  portals.  This  hinders  ventilation  througl 
exit  portals  and  causes  more  air  to  be  drawn  through  the  air  vent  system. 
Therefore  the  actual  quantity  of  air  required  by  the  flow,  or  air  demand, 
not  necessarily  higher  during  combined  sluice  and  spillway  flow,  as  the  ai 
curves  of  Plates  7  and  8  indicate;  rather,  for  the  stated  reason,  the  airf 
is  simply  higher  through  the  air  vent  system.  However,  values  given  for 
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EDGE  OF  RIGHT  SLUICE  GATE  CHAMBER 


Tests  B  and  D  do  more  closely  indicate  the  total  air  demand  of  the  sluice. 

41.  As  the  time-histories  of  Plate  6  show,  unsteady  airflow  existed  in 
each  air  vent  with  the  flow  oscillating  in  a  pseudos i nusoida 1  fashion.  This 
gusting  is  described  by  recorded  maximum  and  minimum  values  fluctuating  about 
the  average  airflow  at  a  certain  frequency  (Table  6).  The  gusting  frequen¬ 
cies  were  determined  by  transforming  the  data  from  the  time  domain  to  the 
frequency  domain  with  a  mathematical  Fourier  Transform  (or  Fast  Fourier  Trans¬ 
form  (FFT)).  On  the  average,  gusts  ranged  from  +  25  percent  of  mean  flow  at 
a  gusting  frequency  (f^)  of  0.4  cps  with  no  frequencies  greater  than  1.0  cps . 
Figure  18  is  an  example  time-history  plot  and  its  equivalent  FFT  plot  which 
gives  the  dominant  gusting  frequency.  The  highest  values  for  each  test  series 
are  shown  by  the  following  condensed  tabulation: 


Test  Gate  Air  Discharge,  cfs 


Series 

No. 

Opening,  ft  Max 

Mean 

Min 

cps 

Center  Sluice 

A 

6 

9  5,822 

4,505 

3,123 

0.2 

B 

4 

9  6,470 

5,412 

4,427 

0.2 

C 

4 

7  5,378 

3,999 

3,260 

0.4 

C 

5 

9  5,523 

3,964 

2,830 

0.3 

D 

5 

9  6,867 

5,565 

4,200 

0.2 

Right  Sluice 

C 

4 

7  5,833 

4,441 

3,299 

0.3 

D 

4 

11  6,674 

5,747 

5,023 

0.5 

Plates  9-11  show 

the  maximums  and  minimums  at  each  gate  opening 

along  with 

their  respective 

gusting 

frequencies.  It  should 

be  noted 

that  1 

this  gusting 

was  also  observed  by  Hart 

in  the  premodification 

a i rf low 

tests . 

However,  due 

to  the  method  of  data  acquisition  employed,  it  was  not  possible  to  analyze. 

42.  Kalinski  and  Robertson  (1943)  found  the  ratio  of  the  air  demand  to 
water  discharge  (0)  to  be  a  function  of  the  Froude  number  minus  one  in  a  con¬ 
duit  operating  under  hydraulic  jump  conditions.  The  Corps  of  Engineers  com¬ 
bined  this  information  with  field  measurements  and  derived  a  suggested  design 
curve.  The  Libby  air  vent  discharges  from  Table  6  have  been  plotted  on  the 
Hydraulic  Design  Criteria  (HDC)  chart  reproduced  in  Plate  12.  The  Froude 
number  ( F )  for  the  data  was  computed  by 


F  =  V/Vgy 


(2) 
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where 


V  =  water  velocity  at  the  vena  contracta,  fps 

2 

g  =  gravitational  acceleration,  ft/sec 

y  =  water  depth  at  the  vena  contracta,  ft 
More  recently,  however,  it  has  been  shown  that  a  different  set  of  curves  may 
exist  for  free  flow  and  spray  conditions,  as  at  Libby  Dam.  Data  presented  by 
Sharma  (1976)  indicate  that  the  air  requirements  for  free  flow,  i.e.  gate- 
controlled  flow  with  free  water  surface  and  no  hydraulic  jump,  and  spray  condi¬ 
tions  may  be  three  and  six  times,  respectively,  that  for  the  hydraulic  jump 
condition.  The  curves  presented  by  Sharma  plot  P  against  F  rather  than 
F -  1  and  are  well  suited  for  conduit  discharge  not  influenced  by  tailwater 
conditions  or  when  a  hydraulic  jump  does  not  form  in  the  conduit.  These 
curves,  along  with  the  Libby  air  vent  discharges,  are  presented  in  Plate  13. 

At  the  small  gate  openings,  a  very  high  air-water  discharge  ratio  (Q  /Q  ), 
occurs  (Plate  14).  At  these  small  gate  openings  spray  flow  was  observed. 

The  jet  issuing  beneath  the  gate  sprays  out  into  numerous  small  droplets  en¬ 
training  a  relatively  large  quantity  of  air. 

Aerator 

43.  Pressures  were  measured  in  the  center  sluice  aerator  at  the  loca¬ 
tions  shown  in  Plates  1  and  3.  The  data  are  presented  by  test  series  and 
listed  in  Tables  7-10.  As  seen  by  the  time-histories  in  Plate  6,  the  pressures 
responded  in  phase  with  the  air  velocity  measurements.  Aerator  pressures  are 
described  by  maximum  and  minimum  negative  pressures  oscillating  about  a  mean 
and  correspond  to  the  maximum  and  minimum  discharges  shown  in  Table  6.  The 
gusting  frequencies  (fg)  given  in  Table  6  also  represent  aerator  pressure 
fluctuations . 

44.  At  no  time  was  airflow  into  the  slot  restricted  by  the  impingement 
of  water  flow  upon  the  slot.  Airflows  were  controlled  by  the  low  pressure 
region  downstream  of  the  slot  created  by  the  deflector.  The  lowest  pressures 
acting  in  the  slot  occurred  at  transducer  locations  AR4  and  AR5,  downstream 
and  center-line  floor  locations,  respectively.  The  pressures  recorded  at  the 
wall  locations  (AR1,  AR2,  and  AR3)  were  approximately  equal  during  each  test 
indicating  uniform  airflow  at  this  cross  section  in  the  slot.  Also,  trans¬ 
ducer  AR6  showed  pressures  of  the  same  magnitude  as  those  at  the  slot  wall 
locations . 

45.  The  data  suggest  that  the  air  discharge  is  in  part  governed  by  the 


30 


pressures  acting  in  and  just  downstream  of  the  aerator  slot.  Plate  15  is  a 
plot  of  the  maximum,  minimum,  and  mean  pressures  acting  on  the  downstream  por¬ 
tion  of  the  aerator  slot  (AR4)  against  the  measured  airflow  and  shows  a  defi¬ 
nite  relationship  between  the  two.  Plate  16  gives  the  values  of  airflow  and 
pressure  at  each  gate  opening  to  show  their  relationship. 


Differential  Pressures 


46.  The  pressure  drop  from  the  atmosphere  to  the  aerator  was  measured 
in  the  right  and  center  sluices  at  the  locations  shown  in  Plate  1  by  trans¬ 
ducers  GCR  and  GCC ,  respectively.  The  maximum,  average,  and  minimum  differen¬ 
tial  pressures  corresponding  to  the  maximum,  average,  and  minimum  air  veloci¬ 
ties  are  listed  in  Tables  2-5.  The  air  vent  gusting  frequencies  given  in 
Table  6  also  apply  to  the  differential  pressures.  Corps  criteria  (OCE  1980) 
suggest  that  the  maximum  air  vent  velocity  not  exceed  150  fps  and  that  the 
head  loss  through  the  vents  not  exceed  0.5  to  1.0  ft  of  water.  The  maximum 
recorded  differential  pressure  in  the  right  sluice  chamber  was  0.65  ft  of  water 
(GCR,  Series  D,  Test  4)  and  4.04  ft  of  water  for  the  center  sluice  vents  (GCC, 
Series  B,  Test  3).  The  maximum  recorded  air  vent  point  velocity  was  291  fps 

in  the  right  sluice  air  vent  (RV3,  4,  and  5,  Series  D,  Test  4)  and  267  fps  in 
the  center  sluice  vent  (RV1 ,  Series  B.  Test  3).  The  large  difference  between 
the  differential  pressure  in  the  right  and  center  sluices  for  approximately 
the  same  velocities  is  because  of  the  smaller  cross-sectional  area  and  the 
additional  length,  bends,  and  abrupt  enlargements  in  the  center  sluice  vent 
system  (Figure  3  and  Plate  1).  A  typical  time-history  plot  of  differential 
pressure  is  shown  in  Plate  6. 

Lower  Service  Gallery  Wall  Pressures 

47.  An  absolute  pressure  transducer,  CSC,  was  located  in  the  center 
sluice  gate  chamber  to  measure  the  pressures  acting  on  the  modified  wall 
separating  the  gate  chamber  from  the  service  gallery.  The  maximum,  average, 
and  minimum  pressures  are  listed  in  Tables  2-5  with  gusting  frequencies  as 
shown  in  Table  6.  A  typical  time-history  is  given  in  Plate  6.  This  new  wall 
was  designed  to  withstand  pressures  of  -2.0  psi.  The  pressures  recorded  never 
reached  the  design  value  but  did  approach  it  at  times.  The  maximum  values  for 
each  test  series  are  listed  in  the  following  condensed  tabulation: 


Test 


Series  No. 


A  6 

B  3 

C  7 

D  5 


Gate 

Opening,  ft 

9 

11 

13 

9 


Pressure,  psi 


Maximum  Average  Minimum 


-1.30  -0.77  -0.31 
-1.39  -0.86  -0.52 
-1.00  -0.39  -0.11 
-1.50  -0.95  -0.48 


Sluice  Invert  Pressures 


48.  Sluice  invert  pressures  were  measured  during  all  tests  in  the 
center  sluice  at  the  locations  shown  in  Plate  4.  These  locations  are  identi¬ 
cal  with  those  used  in  tests  conducted  prior  to  installation  of  the  aerator 
(Hart  and  Tool  1976).  The  highest,  lowest,  and  mean  pressures  were  deter¬ 
mined  from  the  digitized  data  time-histories  along  with  the  maximum  instan¬ 
taneous  peak-to-peak  pressure  fluctuation  for  each  test.  These  pressures  are 
listed  according  to  test  series  in  Tables  11-14. 

49.  A  primary  objective  of  these  tests  was  to  determine  the  effective¬ 
ness  of  the  aerator  in  reducing  the  negative  pressures  acting  on  the  sluice 
inverts  which  caused  the  cavitation  damage  experienced  in  the  early  operation 
of  Libby  Dam.  Plate  17  shows  the  pressures  acting  on  the  invert  at  the  gate 
openings  which  created  the  most  severe  conditions  prior  to  the  installation 
of  the  aerator.  In  contrast,  Plates  18  and  19  show  the  pressures  existing  at 
these  same  gate  positions  with  the  aerator  in  operation.  As  shown  by  these 
graphics,  the  adverse  pressure  conditions  have  virtually  been  eliminated.  The 
following  tabulation  lists  : he  comparative  data  given  in  Plates  17  (without 
aerator)  and  18  (with  aerator,  Series  A). 

Sluice  Pressures,  Feet  of  Water 


Gate  Opening 

Transducer 

Station 

Instantaneous 
Maximum  Minimum 

Pre  Post  Pre  Post 

Mean 

Pre  Post 

Dynami c 
(jik-pk) 
Pre  Post 

1 

SL 

1 

20 

0, 

.4 

-25 

-3, 

.2 

-3 

-  1  , 

.8 

31 

3, 

.  1 

SL 

2 

4 

1 . 

.  1 

-9 

-5, 

.3 

-4 

-1  . 

.9 

15 

5. 

,  7 

SI. 

3 

20 

4. 

.0 

-13 

-1  , 

,8 

0 

1  , 

.2 

33 

3. 

.9 

SL 

4 

0 

0. 

.0 

-31 

-4, 

.8 

-18 

-1  , 

.3 

31 

4. 

.8 

SL 

5 

0 

1 . 

.6 

-30 

-5, 

.2 

-18 

-1 , 

.5 

30 

4. 

.2 

5 

SL 

1 

6 

0, 

.8 

-13 

-2, 

.7 

-5 

-0, 

.8 

15 

2. 

.9 

SL 

2 

9 

0, 

.0 

-22 

14, 

,9 

-8 

6, 

.9 

32 

13. 

.6 

SL 

3 

32 

13, 

.5 

-30 

1 , 

.8 

-7 

8, 

.0 

50 

8. 

.7 

SL 

4 

23 

5, 

.6 

-24 

-7, 

,0 

-5 

-1, 

.  1 

45 

1 1 

.0 

SL 

5 

20 

15, 

.7 

-25 

1 

,6 

-10 

9, 

.4 

41 

8. 

.5 

(Continued) 


32 


Sluice  Pressures,  Feet  of  Water 
Instantaneous _  Dynamic 


Transducer 

Maximum 

Mini mum 

Mean 

(pk-pk) 

Gate  Opening 

Station 

Pre 

Post 

Pre 

Post 

Pre 

Post 

Pre 

Post 

9 

SL1 

5 

-5.4 

-13 

-10.0 

-4 

-6.8 

16 

3.8 

SL2 

2 

6.1 

-15 

-6.6 

-6 

-1.0 

17 

11.4 

SL3 

-6 

10.  1 

-26 

0.6 

-14 

5.6 

20 

8.7 

SL4 

5 

-0.3 

-11 

-13.5 

-1 

-6.8 

14 

12.0 

SL5 

-1 

— 

-15 

— 

-7 

-- 

14 

-- 

Data  indeterminate. 


50.  In  the  preaerator  tests,  each  transducer  recorded  negative  mean 
pressures  at  all  gate  openings.  However,  the  postaerator  mean  pressures  vary 
randomly  from  positive  to  negative  from  transducer  to  transducer.  The  pres¬ 
sures  have  been  raised  to  such  an  extent  that  some  mean  values  now  register 
positive.  The  random  variation  of  the  mean  pressures  that  occurs  for  the  same 
gate  opening  may  be  due  to  the  actual  shape  of  the  sluice  invert.  The  invert 
construction  did  not  conform  to  the  designed  parabolic  shape;  rather  it  tends 
to  follow  a  series  of  chords  between  construction  joints  along  the  theoretical 
surface  (Hart  and  Tool  1976).  The  differing  slopes  between  the  construction 
joints  and  the  location  of  the  transducers  with  respect  to  these  construction 
joints  may  cause  the  flow  to  act  in  such  a  way  as  to  cause  the  mean  pressure 
for  each  transducer  to  be  either  positive  or  slightly  negative.  Hart's  report 
presents  a  detailed  description  of  the  invert  profile.  The  mean  pressures  act 
ing  on  transducer  SL1 ,  located  approximately  18  ft  downstream  of  the  aerator, 
were  negative  during  all  tests  and  seemed  to  be  directly  influenced  by  the 
action  of  the  aerator  pressures.  Plate  20  presents  typical  time-histories 

of  the  aerator  transducers  and  the  sluice  invert  transducers  SL1  and  SL2. 

The  pressure  data  shown  in  Tables  11-14  for  invert  pressure  transducer  SL5 
vary  significantly  depending  on  whether  the  center  sluice  is  operating  alone 
(Series  A)  or  in  combination  with  the  outboard  sluices  (Series  C  and  D) .  The 
data  shown  have  been  verified  as  being  correct  as  recorded  during  the  tests 
and  the  difference  is  not  explainable. 

51.  The  cavitation  indices  listed  in  Tables  11-14  were  calculated  using 
the  equation 


K. 


2g 


(3) 
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where 


K.  =  cavitation  index  at  transducer  i 
1 

=  mean  absolute  pressure  at  transducer  i  ,  ft 
hv  =  vapor  pressure,  ft  (estimated  to  be  -30.7  ft) 

_2 

(V^/2g)  =  velocity  head  at  transducer  i  ,  ft 


The  average  velocity  was  determined  from  the  continuity  equation 

V  =  Q/A  ,  having  calculated  depth  by  the  step  method  (Henderson  1966).  Al¬ 
though  there  is  no  incipient  cavitation  index  for  reference,  the  calculated 
indices  are  assumed  to  be  greater  than  incipient  since  all  pressures  were  well 
above  vapor  pressure.  Tables  11-14  indicate  that  the  indices  generally  de¬ 
crease  with  gate  opening.  Since  the  pressures  did  not  generally  decrease  with 
gate  opening  the  downward  trend  is  attributed  to  an  increasing  velocity  head 
with  gate  opening.  The  indices  are  greater  than  those  determined  for  the 
preaerator  condition.  This  shows  the  pressures  moving  farther  away  from  cavi¬ 
tation  with  the  introduction  of  the  aerator.  Because  of  the  relative  accuracy 
of  the  discharges,  and  the  water  depth  and  velocity  calculations,  the  quanti¬ 
tative  indices  are  presented  as  relative  rather  than  absolute  indicators. 


Vibration  of  Structure 


52.  Vibrations  were  measured  at  el  2240.25  on  the  lower  service  gallery 
floor  directly  above  the  center  sluice  as  shown  in  Plate  1.  The  vibrations 
were  insignificant  in  all  tests.  Accelerations  were  highest  at  gate  openings 
between  7  and  11  ft  with  the  frequencies  associated  with  these  accelerations 
being  higher  than  for  other  gate  openings  and  very  rapidly  damped.  Frequen¬ 
cies  were  considerably  lower  at  a  gate  opening  of  5  ft  or  less.  Tables  15- 
18  list  the  greatest  instantaneous  maximum  (+) ,  minimum  (-),  and  peak-to-peak 
accelerations  along  with  the  predominant  frequency  of  fluctuation  and  displace 
ment.  A  sample  time-history  with  its  corresponding  FFT  plot  for  each  measured 
direction  is  shown  in  Plate  21.  The  sinusoidal  displacements  were  estimated 
by  the  equation 


32.2  (acceleration) 
(2tx  freq)2 
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where 


d  =  peak-to-peak  sinusoidal  displacement,  ft 
acceleration  =  greatest  peak-to-peak  acceleration,  g's 
freq  =  predominant  frequency,  cps 


Emergency  Gate  Test 


53.  On  22  September  1982,  a  test  was  conducted  (Series  E)  lowering  the 
project's  sluice  emergency  gate,  weighing  approximately  23  tons,  under  flow 
conditions  into  the  center  sluice.  The  closure  was  not  successful.  The  at¬ 
tempted  closure  was  conducted  with  a  center  sluice  service  gate  opening  of 

!1  ft  (approximately  9,400  cfs).  A  cluster  of  three  accelerometers  located  on 
an  interior  beam  of  the  emergency  gate  (Plate  5)  measured  accelerations  of  the 
gate  throughout  the  gate  lowering  procedure  while  all  other  data  channels 
were  also  being  monitored.  This  section  presents  the  recorded  data  and  de¬ 
scribes  the  procedures  and  observations  made  during  the  test.  The  data  are 
listed  in  Table  19  with  time-histories  presented  in  Plate  22-24. 

54.  Emergency  gate  lowering  was  uneventful  until  the  paint  marks  on  the 
gate  cable  indicated  approximately  2-ft  gate  opening.  At  this  time,  estimated 
to  be  about  15  min  after  the  lowering  commenced,  action  in  the  gate  slot  became 
very  violent  and  the  lifting  cables  began  a  swaying  (2  to  3  ft)  and  bouncing 
motion  that  caused  the  slack  cable  limit  switch  to  trip  and  shut  down  the  gan¬ 
try  crane.  During  this  time,  a  span  of  about  12  sec,  the  data  showed  a  drastic 
increase  in  magnitude.  For  reference,  this  time  is  referred  to  as  the  "during'1 
period.  This  "during"  period  shows  an  increase  in  air  discharge  of  approxi¬ 
mately  50  percent  to  8,233  cfs,  which  corresponds  to  velocities  in  excess  of 
350  fps  in  each  center  sluice  air  vent,  while  the  pressure  drop  through  the 
air  vent  system  approximately  doubled.  Also,  pressures  in  the  aerator  slot 
were  generally  50  to  100  percent  lower  and  minimum  pressures  on  the  sluice  in¬ 
vert  were  40  percent  lower.  However,  these  values  do  not  indicate  the  actual 
maximum  discharge  or  pressures  experienced  because  the  pressures  at  some  trans¬ 
ducers  greatly  exceeded  the  transducer  range,  as  shown  by  the  time-histories 

of  Plate  22.  Pressures  acting  on  the  lower  service  gallery  wall  at  the  center 
sluice  chamber  also  exceeded  the  transducer  range  (CSC)  and  may  have  exceeded 
the  wall  design  pressure  (-2  psi).  In  addition,  peak-to-peak  accelerations 
on  the  lower  service  gallery  floor  almost  tripled  (Plate  23).  Emergency  gate 
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peak-Co-peak  accelerations  increased  from  less  than  0.5,  0.2,  and  0.1  g's  to 
6.1,  3.6,  and  3.7  g's  in  the  vertical,  longi tudinal ,  and  transverse  directions, 
respectively,  with  the  transducer  range  exceeded  in  the  vertical  direction 
only  (Plate  23).  These  high  values  ended  abruptly  approxima' ej v  12  sec  after 
they  began.  Conditions  during  this  "after"  period  were  equivalent  to  those 
experienced  at  gate  openings  of  1  ft.  Emergency  gate  accelerations  decreased 
t->  maximum  peak-to-peaks  of  1.8,  1.6,  and  0.6  g's  in  the  vertical,  longitu¬ 
dinal,  and  transverse  directions,  respectively.  Thirteen  seconds  alter  tlu- 
recorded  violence  ended,  the  instrumentation  cables  of  the  emergency  gate  ai - 
cel  urometers  were  severed  bv  the  gate  lilting  beam  as  it  became  del  ached  I  mm 
the  gate  during  this  sequence  of  events  (the  exact  time  is  not  known).  At  no 
t i mi-  did  the  gate  completely  seal.  A  flov  estimated  at  about  500  els  con¬ 
tinued  to  be  observed  through  the  sluice  indicating  a  gate  opening  estimated 
to  be  about  8  in.  The  following  is  a  timetable  of  events  .is  observed  by  in¬ 
volved  personnel . 


Before 


During 


After 


Time  (Hours) 

1430  r—  Service  gate  opened  to  11  ft. 

1449  —  Emergency  gate  lowered  into  center  sluice. 

Data  recording  begun. 

Emergency  gate  lowering  uneventful.  All  data 
channels  registering  values  corresponding  to 
an  11-ft  gate  opening. 


1457:  14 


Action  in  gate  slot  very  violent.  Magnitude 
of  values  on  most  data  channels  Increased 
dramatical ly . 


Cable  slack  limit  switch  tripped  and  gantry 
crane  shut  down. 


1457:30 


Recorded  data  shows  abrupt  decrease  in  magni¬ 
tude  of  data.  Data  now  equivalent  to  that  of 
1-ft  gate  opening. 


1458  —  Emergency  gate  accelerometer  cables  severed 

by  gate  lifting  beam. 

1510  l—  Data  recording  terminated.  No  change  in  data 
from  1457:30. 


55.  The  emergency  gate  was  later  retrieved  by  slowly  regaining  flow 


control  with  the  service  gate  (being  careful  to  avoid  a  gate  catapult  cond 
tion)  and  then  reattaching  the  lifting  beam  to  the  gate.  An  underwater  in 
spection  made  by  a  remote-controlled  submersible  camera  (DART)  revealed  no 
visible  damage  to  the  area  of  the  sluice  entrance  or  gate  slot.  However, 
damage  had  occurred  to  the  gate  seals,  primarily  near  the  corners  of  the 
top  seal. 
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PAJRT  IV:  CONCLUSIONS 


56.  The  following  conclusions  and  determinations  result  from  liter 
ture  review,  field  observations,  and  analysis  of  the  reduced  Libby  Dam  pr 
type  data. 

57.  Air  discharge: 

a.  Air  vent  discharge  in  the  center  sluice  vent  system  reache 
a  maximum  at  a  9-ft  sluice  gate  opening  (53  percent  of  ful 
and  reached  a  minimum  at  the  1-ft  gate  opening  under  all  t 
flow  conditions.  Maximum  discharge  in  the  right  sluice  ve 
occurred  at  7-  and  11-lt  gate  openings  during  conditions  w 
and  without  spillway  flow,  respectively. 

b.  High  air-water  discharge  ratios  exist  during  spray  conditi 
i.e.,  gate  openings  up  to  about  5  ft. 

c.  Airflow  increased  through  the  air  vents  during  combined 
spillway-sluice  flow  due  to  the  resulting  hindrance  of  ven 
tion  through  the  exit  portal. 

d.  Unequal  service  gate  operation  may  cause  different  airflow 
than  uniform  gate  operation. 

e.  Gusting  was  experienced  at  all  gate  openings  and  ranged,  o 
the  average,  +25  percent  of  mean  flow  at  a  gusting  frequen 
of  approximately  0.4  cps . 

f.  There  was  no  recorded  reversal  of  airflow  in  the  vents  dur 
their  operation.  However,  reverse  airflow  did  exist  in  th 
right  sluice  air  vent  during  tests  in  which  the  right  slui 
was  not  operating  and  there  was  no  spillway  flow  to  cover 
the  sluice  exit  portal. 

58.  Aerator: 

a.  At  no  time  was  airflow  into  the  slot  restricted  by  the  imp 
ment  of  water  flow  upon  the  slot. 

b.  Air  discharge  is  in  part  governed  by  the  low  pressures 
created  by  the  deflector  in  and  just  downstream  of  the  aei 
slot . 

59.  Differential  and  lower  service  gallery  wall  pressures: 

a.  Except  for  the  head  loss  through  the  right  sluice  vent,  tl 
maximum  recorded  air  vent  velocities  and  head  losses  excei 
the  limits  suggested  in  EM-1110-2-1602  (OCE  1980).  Maximi 
velocities  of  291  and  267  fps  in  the  right  and  center  slu 
vents,  respectively,  were  measured  along  with  a  maximum  h< 
loss  of  4.04  ft  of  water  in  the  center  sluice  vent  system 

b.  The  recorded  pressures  acting  on  the  service  gallery  wall 
were  less  than  the  design  value  of  -2  psi  . 
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60.  Sluice  invert  pressures: 

a.  Cavitation-inducing  negative  pressures  on  the  center  sluice 
invert  have  been  virtually  eliminated  with  the  introduction  of 
the  aerator.  All  calculated  cavitation  indices  are  assumed  to 
be  greater  than  incipient  since  all  pressures  used  in  the  cal¬ 
culations  were  well  above  vapor  pressure.  The  cavitation  index 
generally  decreased  with  increasing  gate  opening  primarily  due 
to  increasing  velocity. 

b.  The  overall  pressures  have  been  raised  to  the  extent  that  some 
mean  pressures  are  now  positive  whereas  the  preaerator  pres¬ 
sures  were  all  negative. 

61.  Vi  brat  ions : 

a.  The  vibrations  computed  from  measured  accelerations  on  the 
gallery  floor  were  generally  insignificant. 

62.  Emergency  gate  closure  test: 

a.  The  sluice  emergency  gate  failed  to  close  under  flow  during  the 
controlled  test. 

b.  Emergency  gate  placement  under  flow  significantly  affected  the 
measured  parameters  in  comparison  with  the  extremes  that 
occurred  during  normal  sluice  operation.  During  the  placement: 

(1)  Maximum  air  vent  velocities  increased  by  more  than  50  per¬ 
cent  (pressure  transducer  range  exceeded). 

(2)  Pressure  drop  through  the  air  vent  system  approximately 
doubled  (transducer  range  exceeded). 

(3)  Pressures  in  the  aerator  slot  were  generally  50  to  100  per¬ 
cent  lower  (transducer  range  exceeded). 

(A)  Minimum  pressures  on  the  sluice  invert  were  40  percent 
lower . 

(5)  Pressures  acting  on  the  lower  service  gallery  wall  at  the 
center  sluice  chamber  exceeded  the  range  of  the  pressure 
transducer  and  may  have  exceeded  the  design  pressure 

(-2  psi) . 

(6)  Peak-peak  accelerations  on  the  lower  service  gallery  floor 
almost  tripled  (transducer  range  exceeded). 
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Air  Vent  Point  Velocities  and  Chamber  Pressures 
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N.R.  =  No  reverse  flow  detected. 

--  =  values  not  determinable  from  recorded  data. 
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1  ,  197 

1.0 

1  ,127 

981 

801 

1  .0 

2 

1031 

3.0 

2,400 

2,313 

2,072 

1 ,889 

0.9 

1,997 

1,768 

1  ,581 

1.0 

3 

1110 

5.0 

3,800 

3,645 

3,073 

2,752 

0.5 

3,697 

3,080 

2,450 

0.8 

4 

1131 

7.0 

5,200 

5,378 

3,999 

3,260 

0.4 

5,833 

4,44) 

3,299 

0.3 

5 

1 141 

9.0 

6,800 

5,523 

3,964 

2,830 

0.3 

5,407 

4,004 

3.132 

0.3 

6 

1205 

11.0 

8,700 

4,422 

3,447 

2,699 

0.5 

3,665 

2,944 

2,307 

0.4 

7 

1239 

13.0 

10,800 

5,598 

3,605 

2,910 

0.5 

3,840 

3,078 

2,503 

0.9 

8 

1253 

15.0 

13,500 

5.046 

3,965 

3,317 

0.7 

3,997 

3,227 

2,750 

1.0 

Series  D,  9/22/82 


9 

1  .0 

800 

3,208 

2,691 

2,399 

0.2 

1,547 

989 

598 

0.2 

8 

3.0 

2,400 

3,579 

3,133 

2,900 

0.2 

3,031 

2,667 

2,170 

0. 1 

7 

1403 

5.0 

3,800 

4,658 

3,992 

3,592 

0.3 

5,201 

4,590 

4,150 

0.2 

6 

1354 

7.0 

5,200 

5,637 

4,768 

4,226 

0.3 

6,168 

5,108 

4,364 

0. 1 

5 

1342 

9.0 

6,800 

6,867 

5,565 

4,200 

0.2 

6,527 

5,225 

4,477 

0.2 

4 

1329 

1 1 .0 

8 , 700 

5,993 

4,682 

3,791 

0.2 

6,674 

5,747 

5.023 

0.5 

3 

1318 

13.0 

10,800 

6, 141 

4,757 

4,026 

0.4 

5,297 

4,739 

4,462 

0.3 

2 

1308 

16.0/1 1 .Of 

15,500/8,700 

4,545 

3,826 

3,295 

0.7 

3,830 

2,961 

2,557 

0.9 

1 

1302 

15. 0/12. Ot 

13,500/9,600 

4.663 

3,955 

3,148 

0.3 

4,200 

3,095 

2,548 

0.3 

*  Values  shown  are  the  sum  of  both  vents  (i.e.,  Q  -  RV1  ♦  LV1). 

**  f  =  gusting  frequency  (air  discharge,  aerator  pressure,  and  differential  pressure),  cycles 
per  second. 

t  (-)  indicates  reverse  (downstream)  airflow, 
tt  --  =  not  determinable . 

t  Test  2:  Center  sluice,  16-ft  gate  opening;  15,500  cfs;  right  sluice.  11-ft  gate 
opening,  8700  cfs. 

Test  1:  Center  sluice,  15- ft  gate  opening,  13,500  cfs;  right  sluice,  12- ft  gate 
opening,  9600  cfs. 


Table  7 

Aerator  Slot  Pressures,  Feet  of  Water 
Series  A 

Gate  Air  _  _  __  Transducer  1-oration 

Test  Opening  Discharge 


No. 

_ ft_ 

I  tern* 

c  f  s 

ARl 

AR2 

AK3 

AK4 

AR5 

AK6 

1 

1.0 

Max 

1 ,807 

-0. 

.44 

-0 

37 

-0 

37 

-1  . 

15 

-  1  . 

08 

-0. 

44 

Mean 

1  ,446 

-0 

.30 

-0 

23 

-0 

25 

-0 

95 

-0. 

95 

-0 

30 

M  i  n 

1,281 

-0. 

.  18 

-0 

14 

-0 

16 

-0 

58 

-0. 

72 

-0 

16 

2 

3.0 

Max 

1 ,949 

-0. 

.44 

-0 

30 

-0 

42 

-  1 

1  1 

-  1  . 

02 

-0 

44 

Mean 

1,718 

-0 , 

.35 

-0 

16 

-0 

21 

-0. 

97 

-0. 

90 

-0 

28 

Mean 

1  .539 

-0, 

.  12 

-0 

07 

-0 

09 

-0. 

72 

-0. 

60 

-0. 

12 

3 

5.0 

Max 

3 , 363 

-1 . 

1  1 

-1 

02 

-  1 

22 

- 1 . 

96 

- 1 . 

50 

- 1 . 

25 

Mean 

2,825 

-0. 

.58 

-0 

46 

'0 

67 

- 1 

27 

-0  . 

95 

-0 

55 

Min 

2,268 

-0. 

18 

-0 

16 

-0 

35 

-0. 

81 

-0  . 

53 

-0. 

14 

5 

7.0 

Max 

4,628 

-2. 

33 

-2 

08 

-2 

08 

-2. 

81 

-2. 

61 

-2. 

19 

Mean 

3,529 

-1. 

52 

-  1 

27 

-  1 

31 

-1  . 

98 

-  1  . 

87 

-1  . 

25 

Min 

2,5  79 

-0. 

92 

-0 

76 

-0 

81 

-  1  . 

29 

-1  . 

34 

-0. 

69 

6 

9.0 

Max 

5,822 

-3. 

32 

-3 

07 

-3 

02 

-3. 

oc 

LP 

-3. 

30 

-3. 

05 

Mean 

4,505 

-2. 

15 

-  1 

94 

-1 

89 

-2. 

.  70 

-2. 

38 

-1  . 

94 

Min 

3,123 

-1  . 

08 

-0 

99 

-0 

92 

-1  . 

,  66 

-  1  . 

57 

-0. 

95 

7 

11.0 

Max 

5,213 

-2. 

.  19 

-2 

19 

-2 

19 

-2 

00 

00 

-2. 

61 

-2. 

15 

Mean 

4,298 

-  1  . 

.50 

-1 

52 

-1 

48 

-2. 

17 

-2. 

05 

-1  . 

50 

Min 

3,222 

-0. 

.58 

-0 

60 

-0 

58 

-1 

18 

-1  . 

20 

-0. 

58 

8 

13.0 

Max 

5,251 

-1  , 

.96 

-2 

03 

-1 

96 

-2 

72 

-2. 

51 

_2 

15 

Mean 

4,146 

-1  . 

.08 

-1 

13 

-  1 

06 

-  1  . 

85 

-1  . 

7  3 

-  1  . 

13 

Min 

3,422 

-0. 

.48 

-0 

51 

-0 

42 

-  1 

18 

-1  . 

1  1 

-0. 

46 

9 

15.0 

Max 

5,637 

-2  . 

.  12 

-2 

17 

-2 

10 

-2. 

88 

-2 

58 

-2  . 

17 

Mea  n 

4,513 

-1  . 

.20 

-  1 

25 

-  1 

18 

-2. 

03 

-  1  . 

85 

-  1  . 

31 

Min 

3,848 

-0. 

72 

-0 

76 

-0 

69 

-  1 

41 

-  1  . 

34 

-0 

76 

*  Max  -  highest  recorded  discharge,  most  negative  aerator  pressure;  Mean 
=  average  discharge,  average  aerator  pressure;  Min  =  lowest  recorded  dis 
charge,  least  negative  aerator  pressure. 


Table  8 

Aerator  Slot  Pressures,  Feet  of  Water 
Series  B 

Gate  Air 

Test  Opening  Discharge _ Transducer  Location 


No. 

ft 

I  tem* 

cfs 

AR1 

AR2 

AR3 

AR4 

AR5 

AR6 

8 

1.0 

Max 

2,655 

-0 

.53 

-0 

.55 

-0 

•  65 

-1 

.43 

-1 

.  45 

-0 

.65 

Mean 

2,277 

-0 

.39 

-0 

.42 

-0 

.48 

-1 

.22 

-1 

.25 

-0 

.48 

Min 

2,029 

-0 

.25 

-0 

.28 

-0 

.32 

-0 

.81 

-0 

.95 

-0 

.35 

7 

3.0 

Max 

3,269 

-0 

.76 

-0 

.  72 

-0 

.95 

-1 

.57 

-1 

.82 

-0 

.90 

Mean 

2,812 

-0 

.60 

-0 

.53 

-0 

.69 

-1 

.38 

-1 

.48 

-0 

.  74 

Min 

2,485 

-0 

.35 

-0 

.37 

-0 

.44 

-1 

.13 

-1 

.  18 

-0 

.53 

6 

5.0 

Max 

4,748 

-1 

.89 

-1 

.75 

-2 

.01 

-2 

.49 

-2 

.40 

-1 

.96 

Mean 

3,980 

-1 

.43 

-  1 

.31 

-1 

.55 

-2 

.03 

-1 

.98 

-1 

.36 

Min 

3,556 

-1 

.06 

-1 

.02 

-1 

.20 

-1 

.57 

-1 

.64 

-1 

.02 

5 

7.0 

Max 

5,823 

-2 

.77 

-2 

.  70 

-2, 

.93 

-3 

.41 

*3, 

.  1 1 

-2 

.81 

Mean 

4,614 

-1  . 

.94 

-1 . 

.80 

-1  . 

98 

-2. 

.49 

-2, 

.35 

-1 

.80 

Min 

3,584 

-1 . 

.27 

-1  , 

.  18 

-1  . 

,20 

-1 . 

.78 

-1 . 

.  66 

- 1 . 

.  1  1 

4 

9.0 

Max 

6,470 

-3. 

.  11 

-3, 

.07 

-3. 

.09 

-3, 

.92 

-3. 

.55 

-3. 

.21 

Mean 

5,412 

-2. 

.45 

-2. 

.38 

-2, 

.45 

-3 

.02 

-2. 

.81 

-2. 

.33 

Min 

4,427 

-I . 

.78 

-I  . 

.68 

-1 . 

73 

-2. 

.21 

-2. 

26 

-1  . 

61 

3 

11.0 

Max 

6,365 

-3. 

41 

-3. 

30 

-3. 

30 

-4. 

04 

-3. 

53 

-3. 

.32 

Mean 

5,132 

-2. 

.28 

-2. 

17 

-2. 

21 

-2. 

86 

-2. 

70 

-2. 

19 

Min 

4,271 

-1 . 

61 

-1  . 

50 

-1 . 

55 

-2. 

12 

-2. 

10 

-1 . 

43 

2 

13.0 

Max 

5,578 

-2. 

10 

-2. 

17 

-2. 

15 

-2. 

95 

-2. 

70 

-2. 

21 

Mean 

4,875 

-1 . 

48 

-1  . 

59 

-1 . 

55 

-2. 

33 

-2. 

17 

-1  . 

59 

Min 

4,341 

-1 . 

1 1 

-1  . 

18 

-1 . 

15 

-1  . 

91 

-1  . 

82 

-1  . 

18 

1 

15.0 

Max 

5,274 

-1 . 

73 

-1  . 

78 

-1  . 

73 

-2. 

63 

-2. 

33 

-1  . 

87 

Mean 

4,506 

-I . 

27 

-1 . 

34 

-1  . 

29 

-2. 

15 

-1  . 

91 

-1  . 

43 

Min 

4,011 

-0. 

99 

-1 . 

04 

-0. 

99 

-1 . 

71 

-I . 

5  7 

-1 . 

06 

Max  =  highest  recorded  discharge,  most  negative  aerator  pressure;  Mean 
=  average  discharge,  average  aerator  pressure;  Min  =  lowest  recorded  dis 
charge,  least  negative  aerator  pressure. 


Table  9 

Aerator  Slot  Pressures,  Feet  of  Water 
Series  C 

Gate  Air 

Test  Opening  Discharge  _ Transducer  Location 


No. 

ft 

I  tem* 

cfs 

AR1 

AR2 

AR3 

AR4 

AR5 

AR6 

1 

1 

.0 

Max 

2,026 

-0 

.46 

-0, 

.46 

-0. 

.44 

-1  . 

.  18 

-1 

.27 

-0, 

.48 

Mean 

1 ,675 

-0 

.30 

-0 

.30 

-0 

.28 

-0 

.99 

-1 

.04 

-0 

.32 

Min 

1,197 

-0 

.  18 

-0 

.  18 

-0 

.  16 

-0, 

.81 

-0 

.  74 

-0. 

.  18 

2 

3 

.0 

Max 

2,313 

-0 

.44 

-0. 

.37 

-0. 

.48 

-1  . 

.25 

-1 

.38 

-0, 

.90 

Mean 

2,072 

-0 

.23 

-0, 

.23 

-0. 

.25 

-0. 

.97 

-1 

.08 

-0. 

.28 

Min 

1  ,889 

-0 

.05 

-0. 

.07 

-0. 

.02 

-0. 

.74 

-0 

.  76 

-0. 

.09 

3 

5 

.0 

Max 

3,645 

-0 

.97 

-0. 

.92 

-0, 

.99 

-1 , 

.73 

-1 

.61 

-0. 

.99 

Mean 

3,073 

-0 

.58 

-0. 

53 

-0. 

,69 

-1 . 

,22 

-1 

.25 

-0. 

.53 

Min 

2,752 

-0 

.  16 

-0 

,  16 

-0 

.32 

-0 

.69 

-0 

.76 

-0. 

.07 

4 

7 

.0 

Max 

5,378 

-1 

.85 

-1 . 

.82 

-1 

.87 

-2, 

.58 

_  0 

.49 

-1  . 

.  87 

Mean 

3,999 

-1 

.02 

-0. 

.99 

-1 

.02 

-1 

.66 

-1 

.59 

-0. 

.95 

Min 

3 , 260 

-0 

.55 

-0 

.48 

-0 

.51 

-1  . 

.  1 1 

- 1 

.  1  1 

-0. 

,32 

5 

9. 

.0 

Max 

5,523 

-1 , 

.96 

-1 . 

.96 

-1 . 

.94 

-2. 

.72 

-  '  > 

.45 

-2 . 

,03 

Mean 

3,964 

-0, 

.99 

-0, 

.97 

-0. 

.95 

-1 . 

.64 

-1 

.  52 

-0. 

,92 

Min 

2,830 

-0. 

.23 

-0. 

.21 

-0. 

.  18 

-0. 

.81 

-0 

.69 

-0. 

.09 

6 

11 , 

.0 

Max 

4,422 

-1 

.57 

-1 

.55 

-1 

.59 

-2, 

.17 

-2 

.  15 

-1 . 

,  b  1 

Mean 

3,447 

-1 

.04 

-1 . 

.06 

-1 , 

.06 

-1 . 

.68 

-1 

.  66 

-1 . 

.04 

Min 

2,699 

-0 

.58 

-0. 

.55 

-0. 

.60 

-1 . 

.06 

*1 

.  22 

-0. 

51 

7 

13. 

.0 

Max 

5,598 

-2. 

.47 

-2. 

.45 

-2, 

.45 

-3. 

.21 

-3 

.00 

-2. 

63 

Mean 

3,605 

-1 , 

.13 

-1 . 

.  1 1 

-1 . 

.11 

-1 . 

,80 

-1 

.71 

-1  . 

15 

Min 

2,910 

-0, 

.53 

-0. 

.48 

-0. 

-> 

OO 

-1 . 

,22 

-1 

.25 

-0. 

51 

8 

15. 

.0 

Max 

5,046 

-2, 

.08 

-2. 

01 

-2. 

,03 

-2. 

93 

-2 

.58 

-2. 

42 

Mean 

3,965 

-1 . 

.27 

-1 . 

.20 

-1 . 

.22 

-1 . 

.98 

-1 

.87 

-1  . 

34 

Min 

3,317 

-0, 

.81 

-0. 

.74 

-0. 

.76 

-1 . 

,50 

-1 

.50 

-0. 

88 

*  Max  =  highest  recorded  discharge,  most  negative  aerator  pressure;  Mean 
=  average  discharge,  average  aerator  pressure;  Min  =  lowest  recorded  dis 
charge,  least  negative  aerator  pressure. 
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Table  10 

Aerator  Slot  Pressures,  Feet  of  Water 
Series  D 

Gate  Air 

Test  Opening  Discharge  _ Transducer  Location 


No. 

ft 

Item" 

cfs 

AR1 

AR2 

AR3 

AR4 

AR5 

AR6 

9 

1 

.0 

Max 

3,208 

-0 

.67 

-0 

.65 

-0 

.74 

-1 

.48 

-1 

.61 

-0 

.81 

Mean 

2,691 

-0 

.46 

-0 

.46 

-0 

.53 

-1 

.27 

-1 

.31 

-0 

.58 

Min 

2,399 

-0 

.32 

-0 

.32 

-0 

.39 

-0 

.85 

-0 

.97 

-0 

.42 

8 

3 

.0 

Max 

3,579 

-1 

.04 

-0, 

.88 

-1 

.  11 

-1 

.89 

•-0 

.96 

-1 

.38 

Mean 

3,133 

-0 

.81 

-0. 

.67 

-0 

.88 

-1 

.50 

-1 

.61 

-0 

.88 

Min 

2,900 

-0, 

.60 

-0. 

.46 

-0. 

.62 

-1 

.20 

-1 

.38 

-0 

.65 

7 

5 

.0 

Max 

4,658 

-1 

.71 

-1 . 

.64 

-1 

.85 

-2 

.51 

-2. 

.40 

-1 

.80 

Mean 

3,992 

-1. 

.38 

-1 . 

.25 

-1 , 

.50 

-1 

.98 

-2. 

.03 

-1 

.34 

Min 

3,592 

-1 

.04 

-0. 

,97 

-1 

.22 

-1 . 

.  64 

-  1  . 

.61 

-1  . 

.02 

6 

7 

.0 

Max 

5,637 

-2 

.45 

-2. 

.38 

-2 

.38 

-3 

.21 

-2 

.95 

-2 

.72 

Mean 

4,768 

-1 , 

.91 

-1  . 

.78 

-1 

.89 

-2. 

.42 

-2. 

.35 

-1 

.  78 

Min 

4,226 

-1 

.41 

-1 . 

.31 

-1 

.38 

-1  . 

.96 

-1  . 

.85 

-1 

.29 

5 

9 

.0 

Max 

6,867 

-3. 

.55 

-3. 

.37 

-3, 

.51 

-4. 

.  18 

-3. 

Ln 

OO 

-3. 

.41 

Mean 

5,565 

-2. 

.47 

-2. 

.38 

-2, 

.42 

-3. 

.05 

-2. 

,  79 

-2 

.38 

Min 

4,200 

-1 , 

.50 

-1  . 

.36 

-1 . 

.41 

-2 

.  10 

-1  . 

.96 

-1 

.38 

4 

11 . 

.0 

Max 

5,993 

-2. 

79 

-2. 

75 

-2. 

77 

-3. 

.39 

-3. 

02 

-2  . 

.  75 

Mean 

4,682 

-1 . 

,80 

-1 . 

75 

-1 . 

.78 

.0 

< 

.45 

_  7  ^ 

31 

-1  . 

.80 

Min 

3,791 

-1 . 

18 

-1  . 

13 

-1  . 

13 

-1 . 

.75 

*1 . 

71 

-1  . 

13 

3 

13. 

,0 

Max 

6,141 

-2. 

93 

-2. 

91 

-2. 

.93 

-3. 

.71 

-3. 

30 

-3 . 

.00 

Mean 

4,757 

-1 . 

80 

-1  . 

80 

-1  . 

82 

_  O 

£~  • 

51 

-2 

40 

-1  . 

8  7 

Min 

4,026 

-1 . 

20 

-1  . 

20 

-1 . 

22 

-1  . 

r~- 

oc 

-i . 

82 

-  1  . 

7  7 

2 

16. 

0 

Max 

4,545 

-1 . 

75 

-1  . 

66 

-1  . 

68 

-7  . 

51 

-2. 

31 

-1  . 

87 

Mean 

3,826 

-1  . 

29 

-1 . 

20 

-1 . 

22 

-1 . 

96 

-  1  . 

85 

- 1  . 

.  14 

Min 

3,925 

-0. 

83 

-0. 

72 

-0. 

76 

-1 . 

.48 

- 1  . 

43 

-0. 

.  78 

1 

15. 

0 

Max 

4,663 

-1  . 

82 

-1  . 

80 

-1  . 

00 

-2. 

65 

-2. 

42 

_  7 

08 

Mean 

3,955 

-1  . 

31 

-1  . 

29 

-1 . 

.29 

-2. 

.03 

-1 . 

94 

- 1  . 

.41 

Min 

3,148 

-0. 

83 

-0. 

78 

-0. 

.78 

-1  . 

43 

-1  . 

45 

-0 

.83 

*  Max  =  highest  recorded  discharge,  most  negative  aerator  pressure;  Mean 
=  average  discharge,  average  aerator  pressure;  Min  =  lowest  recorded  dis 
charge,  least  negative  aerator  pressure. 


Table  11 


Center  Sluice  Invert  Pressures,  Velocities,  and 

Series  A 


Gate 

Water 

Test 

Opening 

Q 

Transdu 

No . 

ft 

C  f  S 

1  tem- 

SI.5 

SI. 4 

1 

1  .0 

800 

V 

84.27 

85.88 

K 

0 . 265 

0.256 

H 

1  .  50 

0.0 

M 

-1.50 

-  1  .  38 

L 

-5 . 24 

-4.82 

P/P 

4.15 

4.82 

» 

3.0 

2.400 

V 

111.4 

HO. 9  1 

K 

0.18  4 

0  .  i  6  2 

H 

9.07 

*  .94 

M 

4.87 

0 . 28 

L 

1  .  40 

-3.09 

P/P 

6.57 

5  .  77 

) 

r.  .0 

3.800 

\' 

109.81 

108.85 

K 

0.21* 

0.161 

H 

15.64 

5.56 

M 

9 . 44 

-1.07 

L 

1  .62 

-6.99 

p/p 

8.51 

10.96 

5 

7.0 

5,200 

V 

112.92 

111.71  1 

K 

0.139 

0.  124 

H 

3.02 

0.05 

M 

-3.23 

-6.67 

L 

-8.01 

-12.62 

P/P 

8.94 

10.67 

6 

9.0 

6,800 

V 

117.29 

115.91  1 

K 

----- 

0.115 

H 

-- 

-0.30 

M 

-- 

-6.78 

L 

-- 

-13.52 

P/P 

-- 

11.97 

7 

11.0 

8,700 

V 

121.42 

119.97  1 

K 

0.126 

0.121 

H 

2.38 

2.03 

M 

-1.89 

-3.65 

L 

-7.04 

-9.67 

P/P 

7.50 

8.94 

(Continued) 

Note:  All  pressures  given  in  feet  of  water. 

*  V  =  average  velocity,  fps;  K  =  cavitation  index 
neous  pressure;  M  =  mean  pressure;  L  =  lowest  in 
and  P/P  =  greatest  peak-peak  pressure. 

**  --  =  data  indeterminant. 


Table  11  (Concluded) 


Gate 

Water 

Test 

Opening 

Q 

No. 

ft 

cfs 

I  tem 

Transducer  Station 


SL5 


SLA 


SL3 


SL2 


SL1 


8 


9 


13.0 


15.0 


10,800  V 

K 
H 
M 
L 

P/P 

14,900  V 

K 
H 
M 
L 

P/P 


123 

.02 

121 

0 

.137 

0 

6 

.04 

3 

1 . 

.49 

-1 

-3 

.67 

-7 

7, 

,71 

7 

125 

.21 

123 

0. 

.212 

0 

26. 

.53 

3 

20. 

95 

-1 

17. 

.  14 

-4 

8. 

,07 

6 

.15  120.32 

127  0.161 

11  8.84 

80  5.40 

27  0.71 

50  6.46 

58  122.36 

123  0.158 

74  8.12 

50  5.98 

48  3.55 

57  3.86 


1 18 

.  10 

115 

.23 

0. 

161 

0. 

.  125 

6. 

.97 

-4. 

.  15 

4. 

.08 

-5. 

.03 

0. 

.22 

-6, 

.21 

4. 

.61 

2. 

.06 

120. 

.04 

117. 

.01 

0. 

166 

0. 

.  123 

9. 

,60 

-3. 

,53 

6. 

46 

-4. 

64 

4. 

34 

-5. 

88 

4. 

38 

2. 

35 

Table  12 

Center  Sluice  Invert  Pressures,  Velocities,  and  Cavitation  Indices 

Series  B 


Gate 

Water 

Test 

Opening 

Q 

Transduce; 

r  Station 

No. 

ft 

cfs 

Item* 

SL5 

SL4 

SL3 

SL2 

SL1 

8 

1.0 

800 

V 

84.27 

85 

.88 

91 

.93 

97 

.40 

105 

.86 

K 

0.356 

0 

.262 

0 

.227 

0 

.204 

0 

.173 

H 

10.70 

0 

.36 

-0 

.20 

0 

.51 

0 

.26 

M 

8.60 

-0 

.70 

-0 

.99 

-0 

.61 

-0 

.56 

L 

7.22 

-1 

.56 

-2 

.00 

-1 

.67 

-0 

.90 

P/P 

0.31 

1 

.69 

1 

.31 

1 

.70 

1 

.20 

7 

3.0 

2,400 

V 

111.4 

no 

.9 

110 

.6 

110 

.4 

no 

.9 

K 

0.209 

0 

.  151 

0 

.  171 

0 

.  166 

0 

.  155 

H 

13.80 

1 

.51 

4 

.41 

5 

.46 

0 

.31 

M 

9.54 

-1 

.80 

1 

.70 

0 

.67 

-l 

.04 

L 

6.42 

-6 

.45 

-1 

.  14 

-2 

.33 

-l 

.91 

P/P 

6.25 

7 

.00 

5 

.38 

6 

.75 

3 

.22 

6 

5.0 

3,800 

V 

109.81 

108 

.85 

108 

.23 

106. 

.99 

105 

.93 

K 

0.209 

0 

.  143 

0 

.190 

0. 

.169 

0 

.  149 

H 

14.40 

2 

.81 

9 

.03 

5. 

.31 

-3 

.87 

M 

8.47 

-4 

.43 

3 

.80 

-0. 

.72 

-4 

.68 

L 

4.12 

-1 

.07 

-0 

.99 

-6, 

.69 

-5 

.63 

P/P 

8.00 

11 

.50 

8. 

.50 

10. 

.50 

1 . 

.06 

5 

7.0 

5,200 

V 

112.92 

111 

.71 

110. 

87 

109. 

.02 

107 

.00 

K 

0. 197 

0 

.124 

0. 

.  192 

0. 

160 

0 

.  129 

H 

14.  10 

0 

.63 

11 . 

.  10 

5. 

.38 

-6 

.25 

M 

8.36 

-6 

.77 

5. 

.92 

-1 . 

,27 

-7, 

.84 

L 

3.36 

-12 

.70 

-0. 

15 

-7. 

27 

-9. 

.34 

P/P 

10.58 

11 

.  10 

9. 

83 

10. 

25 

3. 

.  10 

4 

9.0 

6,800 

V 

117.29 

115 

.91 

114. 

99 

112. 

94 

no. 

,54 

K 

0.183 

0 

.116 

0. 

,  178 

0. 

148 

0. 

,  122 

H 

13.50 

-1 

.09 

10. 

.50 

4. 

87 

-6. 

25 

M 

8.39 

-6 

.48 

5. 

,95 

-1. 

34 

-7. 

,52 

L 

3.24 

- 12 , 

.60 

1. 

49 

-7. 

20 

-9. 

50 

P/P 

7.50 

1 1 

.  10 

7. 

38 

9. 

50 

1. 

96 

3 

11.0 

8,700 

V 

121.42 

119 

.97 

118. 

85 

116. 

83 

114. 

22 

K 

0.184 

0. 

.114 

0. 

164 

0. 

140 

0. 

116 

H 

16.90 

0 

.73 

9. 

,40 

4. 

65 

-6. 

14 

M 

11.40 

-5. 

,21 

5. 

25 

-1. 

11 

-7. 

16 

L 

6.21 

-12 

,80 

0. 

65 

-5. 

23 

-6. 

83 

P/P 

7.88 

9 , 

,06 

7. 

50 

8. 

31 

i  _ 

69 

_ (Continued) _ 

Note:  All  pressures  given  in  feet  of  water. 

*  V  =  average  velocity,  fps;  K  =  cavitation  index;  H  =  highest  instanta 
neous  pressure;  M  =  mean  pressure;  L  =  lowest  instantaneous  pressure; 
and  P/P  =  greatest  peak-peak  pressure. 
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Table  12  (Concluded) 


Gate  Water 

Test  Opening  Q  _ Transducer  Station _ 

No.  _ ft  cfs  Item  SL5  SL4  SL3  SL2  SL1 


2  13.0  11,900  V  123.02  121.15  120.32  118.10  115.23 


K 

0 

.204 

0 

.  126 

0, 

.  166 

0 

.  163 

0, 

.  127 

H 

22, 

.50 

3. 

.17 

10. 

.20 

7 

.50 

-3 

.62 

M 

17 

.30 

-1 . 

.99 

6. 

.56 

4. 

.50 

-4 

.48 

L 

12. 

.50 

-6. 

.40 

1 . 

.46 

2. 

.  18 

-5. 

.54 

P/P 

10, 

.00 

8. 

.63 

5. 

.50 

5 

.38 

1 

.92 

V 

125. 

.21 

123, 

.58 

122. 

.36 

120. 

.04 

117. 

.01 

K 

0. 

.218 

0. 

.  122 

0. 

,  158 

0. 

.  166 

0. 

.  122 

H 

27 

.00 

0, 

.81 

8. 

.08 

10. 

.00 

-3. 

.98 

M 

22, 

.40 

-1 

.70 

6, 

.07 

6. 

.33 

-4, 

.79 

L 

19. 

.30 

-4. 

,21 

3. 

,76 

4. 

.38 

-5. 

.60 

P/P 

6. 

,41 

6. 

25 

3. 

53 

4. 

69 

1  . 

62 

Table  13 

Center  Sluice  Invert  Pressures,  Velocities,  and  Cavitation  Indices 

Series  C 


Gate 

Water 

Test 

Opening 

Q 

Transducer  Station 

No. 

ft 

cf  s 

I  tem* 

SL5 

SL4 

SL3 

SL2 

SL1 

1 

1.0 

800 

V 

84. 

27 

85 

.88 

91 

.93 

97 

.40 

105 

.86 

K 

0. 

268 

0 

.261 

0 

.236 

0 

.203 

0 

.172 

H 

1 . 

85 

0 

.43 

1 

.21 

0 

.44 

-0 

.21 

M 

-1 . 

13 

-0 

.75 

0 

.24 

-0 

.73 

-0 

.79 

L 

-2. 

28 

-1 

.76 

-1 

.32 

-1 

.81 

-1 

.34 

P/P 

3. 

78 

1 

.94 

1 

.78 

1 

.80 

0 

.73 

2 

3.0 

2,400 

V 

111. 

4 

110 

.9 

110, 

.6 

110. 

.4 

110. 

.9 

K 

0. 

161 

0 

.  158 

0, 

.177 

0. 

.172 

0 

.  156 

H 

5. 

44 

2 

.67 

5 

.69 

5 

.47 

-0 

.  10 

M 

0. 

23 

-0 

.47 

2, 

.88 

1 

.82 

-0 

.85 

L 

-2. 

90 

-4 

.81 

0 

.25 

-0 

.51 

-1 

.66 

P/P 

7. 

28 

5 

.  16 

4, 

.80 

5 

.38 

1 . 

.30 

3 

5.0 

3,800 

V 

109. 

81 

108, 

.85 

108. 

.23 

106. 

.99 

105 

.93 

K 

0. 

165 

0 

.154 

0 

.207 

0 

.  189 

0. 

.  167 

H 

6. 

36 

4 

.33 

12 

.00 

10, 

.40 

-0 

.73 

M 

0. 

27 

-2 

.40 

6. 

.90 

2 

.89 

-1 . 

.63 

L 

-4. 

70 

-8 

.87 

0. 

.71 

-3. 

.  13 

-2. 

.53 

P/P 

9. 

78 

11. 

.20 

8. 

.80 

12, 

.50 

1  . 

.69 

4 

7.0 

5,200 

V 

112. 

92 

111. 

.71 

110. 

.87 

109. 

.02 

107. 

,00 

K 

0. 

152 

0. 

.  138 

0. 

.206 

0. 

.182 

0. 

158 

H 

5. 

38 

2. 

.62 

13. 

.20 

9. 

,40 

-1 . 

35 

M 

-0. 

68 

-4. 

.05 

8. 

65 

2. 

.82 

-2. 

.67 

L 

-7. 

11 

-9. 

.51 

1  . 

,42 

-4. 

.01 

-4. 

,58 

P/P 

10. 

88 

11. 

,38 

10. 

.45 

11 . 

.25 

2. 

.47 

5 

9.0 

6  800 

V 

117. 

29 

115. 

,91 

114. 

.99 

112. 

.94 

1 10. 

54 

K 

0. 

195 

0. 

.135 

0. 

189 

0. 

177 

0. 

145 

H 

6. 

73 

4. 

60 

13. 

20 

9. 

.77 

-1  . 

,87 

M 

0. 

36 

-2. 

.48 

8. 

,04 

4. 

.29 

-3. 

21 

L 

-5. 

81 

-9. 

,78 

2. 

,74 

-0. 

95 

-4. 

94 

P/P 

8. 

28 

11 . 

,78 

7. 

38 

8. 

56 

2. 

66 

6 

11.0 

8,700 

V 

121. 

42 

119. 

,97 

118. 

85 

1 16. 

83 

1 14. 

22 

K 

0. 

127 

0. 

122 

0. 

163 

0. 

146 

0. 

121 

H 

2. 

90 

2. 

,45 

9. 

,00 

4. 

43 

-5. 

11 

M 

-1. 

75 

-3. 

,37 

5. 

00 

0. 

,24 

-6. 

11 

L 

-6. 

84 

-8. 

,26 

-0. 

05 

-2. 

76 

-7. 

54 

P/P 

7. 

88 

9. 

,95 

7. 

78 

5. 

43 

1 . 

81 

(Continued) 


Note:  All  pressures  given  in  feet  of  water. 

*  V  =  average  velocity,  fps;  K  =  cavitation  index;  H  =  highest  instanta 
neous  pressure;  M  =  mean  pressure;  L  =  lowest  instantaneous  pressure; 
and  P/P  =  greatest  peak-peak  pressure. 


Table  13  (Concluded) 


Gate  Water 

Test  Opening  Q  _  Transducer  Station 


No. 

ft 

cfs 

I  tem 

SL5 

SL4 

SL3 

SL2 

SL1 

7 

13 

.0 

10,800 

V 

123. 

.02 

121 

.  15 

120 

.32 

118 

.  10 

1  15 

.23 

K 

0 

.  126 

0 

.117 

0 

.  156 

0 

.  140 

0 

.  1  15 

H 

3. 

.95 

1 

.81 

8 

.22 

4 

.50 

-5 

.99 

M 

-1 . 

,  19 

-4 

.03 

4 

.37 

-0 

.39 

-6 

.91 

L 

-6. 

,66 

-9 

.22 

-0. 

.36 

_  0 

.  76 

-8 

.32 

P/P 

8. 

.  13 

7, 

.30 

7. 

.80 

7 

.29 

1 

.88 

8 

15 

.0 

13,500 

V 

125. 

21 

123. 

.58 

122. 

.36 

120. 

.04 

117. 

.01 

K 

0. 

131 

0. 

.  1  14 

0. 

153 

0. 

.  147 

0. 

111 

H 

8. 

14 

0. 

.91 

7 . 

35 

5. 

,52 

-6. 

,04 

M 

1 . 

14 

-3. 

77 

4. 

84 

2. 

09 

-7. 

03 

L 

-2. 

71 

-7. 

67 

2. 

28 

-0. 

87 

-8. 

06 

P/P 

9. 

75 

7. 

15 

4. 

60 

4. 

35 

1  . 

75 

7 


Table  14 

Center  Sluice  Invert  Pressures,  Velocities,  and  Cavitation  Indices 

Series  D 


Test 

Gate 

Opening 

Water 

Q 

Transducer  Station 

No. 

ft 

cfs 

I  tem* 

SL5 

SL4 

SL3 

SL2 

SL1 

9 

1.0 

800 

V 

84.27 

85.88 

91.93 

97.40 

105.86 

K 

0.259 

0.26A 

0.240 

0 . 2o" 

0.1  6 

H 

-0.  12 

0.69 

1  .72 

1.38 

1  .  Oh 

M 

-2.07 

-0.43 

0.80 

-0.20 

-0.04 

L 

-3.  15 

-1.44 

-0.  10 

-1.31 

-1.0, 

P/P 

2.85 

1.66 

1.38 

1.83 

2.00 

8 

3.0 

2,400 

V 

111.4 

110.9 

110.6 

110.4 

110.9 

K 

0.  146 

0.149 

0.178 

0.  161 

0. 149 

H 

3.40 

1.87 

6.39 

3.64 

-1.34 

M 

-2.62 

-2.16 

3.05 

-0.15 

-2.18 

L 

-6.05 

-6.51 

-0.15 

-3.71 

-3.0J 

P/P 

8.63 

6.95 

5.68 

7.38 

1.68 

7 

5.0 

3,800 

V 

109.81 

108.85 

108.23 

106.99 

105.93 

K 

0.  141 

0.134 

0.201 

0.161 

0 . 1  5  j 

H 

2.53 

0.59 

10.50 

5.89 

-3.41 

M 

-4 . 36 

-6 . 06 

5.77 

-2.01 

-4.33 

L 

-10. 10 

-12.80 

0.20 

-7.64 

-5.48 

P/P 

9.70 

12.03 

9.38 

11.50 

1  .06 

6 

7.0 

5,200 

V 

112.92 

111.71 

110.87 

109.02 

107.00 

K 

0.129 

0.  124 

0.  196 

0.  158 

0.  140 

H 

0.93 

-0.21 

11.20 

6.47 

-4.75 

M 

-5.07 

-6.65 

6.69 

-1.55 

-5.79 

L 

-10.40 

-12.40 

1  .22 

-8.22 

-7.54 

P/P 

8.50 

10.48 

9.69 

12.00 

I  .  79 

5 

9.0 

6,800 

V 

117.29 

115.91 

114.99 

112.94 

110.54 

K 

0.119 

0.113 

—  -VnV 

0.150 

0.121 

H 

1.17 

-0.64 

— 

5.89 

-5.79 

M 

-5.33 

-7.15 

-- 

-1.01 

-7.70 

L 

-10.80 

-13.70 

-- 

-6.76 

-11.40 

P/P 

9.00 

12.50 

-- 

9.63 

3.94 

4 

11.0 

8,700 

V 

121.42 

1 19.97 

118.85 

116.83 

1 14.22 

K 

0.  122 

0.119 

0.165 

0. 144 

0.118 

H 

2.15 

2.07 

10.90 

4.79 

-5.31 

M 

-2.78 

-4.02 

5.56 

-0.23 

-6.88 

L 

-8.35 

-11.70 

-1.31 

-3.92 

-8.51 

P/P 

7.75 

8.88 

8.25 

7.81 

2.75 

(Continued) 

Note:  All  pressures  given  in  feet  of  water. 

*  V  =  average  velocity;  fps,  K  =  cavitation  index;  H  =  highest  instanta¬ 
neous  pressure;  M  =  mean  pressure;  L  =  lowest  instantaneous  pressure; 
and  P/P  =  greatest  peak-peak  pressure. 

*"*--  =  data  indeterminate. 
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Table  14  (Concluded) 


Gate  Water 

Test  Opening  Q  _ Transducer  Station 


No. 

ft 

cf  s 

Item 

SL5 

SL4 

SL3 

SL2 

SL1 

3 

13.0 

10,800 

V 

123 

.02 

121 . 

.  15 

120, 

.32 

1 18, 

,  10 

115. 

.23 

K 

0 

.  122 

0 

.115 

0, 

.  158 

0. 

.  141 

0 

.  113 

H 

4 

.44 

1 

.  12 

9. 

.76 

4. 

.29 

-6. 

.10 

M 

-2 

.01 

-4. 

.44 

4, 

,89 

-0 

.07 

-7 

.36 

L 

-7, 

.35 

-9. 

.96 

1 . 

.21 

-2. 

.23 

-9. 

.26 

P/P 

9, 

.50 

7. 

.  13 

7. 

,25 

5. 

.  13 

1 . 

.88 

2 

16.0 

15,500 

V 

125. 

.44 

123. 

00 

LO 

122. 

,58 

120. 

.21 

117. 

,06 

K 

0. 

.136 

0. 

.  112 

0. 

.  155 

0. 

.  152 

0. 

.  106 

H 

7, 

.65 

0. 

.0 

7. 

.89 

7. 

.42 

-6. 

.98 

M 

2, 

.63 

-4. 

.09 

5. 

54 

3. 

.36 

-8. 

.  10 

L 

-1 . 

.11 

-7, 

.41 

2. 

,43 

0. 

.22 

-11. 

.25 

P/P 

7. 

.25 

5. 

.75 

5. 

.00 

6. 

.25 

4. 

.00 

1 

15.0 

13,500 

V 

125. 

.21 

123. 

.58 

122. 

.36 

120, 

.04 

117. 

.01 

K 

0. 

.  129 

0. 

.112 

0. 

.  152 

0. 

,  144 

0. 

.  109 

H 

5, 

.99 

0, 

.80 

7. 

.23 

5. 

.00 

-6. 

.57 

M 

0. 

.78 

-4. 

.06 

4. 

.76 

1 . 

.46 

-7. 

.62 

L 

-3. 

.27 

-7. 

.25 

1 . 

.47 

-4, 

.69 

-8, 

.58 

P/P 

7. 

.63 

7. 

.00 

5. 

.06 

10. 

.00 

2. 

.00 

Test 

No^ 

Gate 

Opening 

ft 

Transducer 

Location 

1 

1.0 

Vert  ica  1 

Longitudinal 

Transverse 

2 

3.0 

Vertical 

Longitudinal 

Transverse 

3 

5.0 

Vertica 1 

Longitudinal 

Transverse 

5 

7.0 

Vertical 

Longitudinal 

Transverse 

6 

9.0 

Vertical 

Longitudinal 

Transverse 

7 

11.0 

Vertical 

Longitudinal 

Transverse 

8 

13.0 

Vertical 

Longitudinal 

Transverse 

9 

15.0 

Vertical 

Longitudinal 

Transverse 

Acceleration, 

.fill _ 

F  req 

1)  i  sp  1 

Max 

Min 

P-P 

Hz 

H  ' f  1  ■' 

0.001 

-0.001 

0.002 

78 

0.27 

0.012 

-0.014 

0.026 

78 

3.48 

0.016 

-0.018 

0.030 

78 

4.02 

0.001 

-0.002 

0.003 

78 

0.40 

0.013 

-0.014 

0.027 

78 

3.62 

0.015 

-0.014 

0.028 

78 

3.75 

0.013 

-0.013 

0.018 

99 

1.50 

0.034 

-0.024 

0.053 

78 

7 .12 

0.082 

-0.072 

0.128 

170 

3.61 

0.006 

-0.034 

0.040 

170 

1 .  13 

0.037 

-0.039 

0.073 

156 

2.44 

0.  10 

-0.087 

0.187 

163 

5.74 

0.007 

-0.020 

0.027 

223 

0.44 

0.060 

-0.070 

0.  122 

156 

4.09 

0.239 

-0.172 

0.411 

160 

13.10 

0.005 

-0.006 

0.010 

151 

0.36 

0.040 

-0.045 

0.085 

156 

2.85 

0.084 

-0.087 

0.171 

156 

5.73 

0.008 

-0.009 

0.017 

145 

0.66 

0.058 

-0.057 

0.105 

125 

5.48 

0.080 

-0.087 

0.167 

150 

6.05 

0.006 

-0.009 

0.015 

113 

0.96 

0.047 

-0.053 

0.088 

205 

1.71 

0.097 

-0.120 

0.217 

156 

7.27 

Note:  Max  =  greatest  instantaneous  acceleration  (+)  direction;  Min  “  greatest 

instantaneous  acceleration  (-)  direction;  P-P  =  greatest  peak-peak 
acceleration . 

*  p-ft  =  0.000001  ft. 


Table  16 

Servi ce  Gallery  Vibration 
Series  B 


Gate 

Test 

Opening 

Transducer 

Acce 1 erat i on , 

S>  _ 

F  req 

111  spl 

No. 

ft 

Locat ion 

Max 

M  i  n 

P-P 

Hz 

H- ft- 

8 

1.0 

Vertica  1 

0.001 

-0.001 

0.002 

79 

0 . 26 

Longitudinal 

0.013 

-0.015 

0.020 

79 

2.61 

Transverse 

0.015 

-0.014 

0 . 030 

79 

oo 

rO 

7 

3.0 

Vertica  1 

0.001 

-0.001 

0.002 

79 

0.26 

Longitudinal 

0.018 

-0.019 

0.032 

79 

4.18 

Transverse 

0.017 

-0.019 

0.036 

79 

4.70 

6 

5.0 

Vertical 

0.003 

-0.025 

0.028 

155 

0.95 

Longitudinal 

0.021 

-0.025 

0.046 

155 

1.56 

Transverse 

0.072 

-0.055 

0.127 

158 

4.  15 

5 

7.0 

Vertical 

0.003 

-0.010 

0.013 

78 

1.74 

Longitudinal 

0.032 

-0.023 

0.055 

78 

7.37 

Transverse 

0.095 

-0.096 

0.191 

164 

5.79 

4 

9.0 

Vertical 

0.007 

-0.007 

0.014 

160 

0.45 

Longitudinal 

0.054 

-0.049 

0.088 

206 

1.69 

Transverse 

0.122 

-0.109 

0.231 

161 

7.26 

3 

11.0 

Vertical 

0.005 

-0.005 

0.010 

150 

0.36 

Longitudinal 

0.059 

-0.040 

0.100 

210 

1.85 

Transverse 

0.055 

-0.080 

0.130 

161 

4.09 

2 

13.0 

Vertical 

0.006 

-0.007 

0.011 

145 

0.43 

Longitudinal 

0.045 

-0.052 

0.096 

125 

5.00 

Transverse 

0.108 

-0.091 

0.188 

150 

6.81 

1 

15.0 

Vertical 

0.006 

-0.007 

0.011 

115 

0.70 

Longitudinal 

0.051 

-0.053 

0.100 

205 

1.94 

Transverse 

0.075 

-0.080 

0.  149 

158 

4.86 

Note:  Max  =  greatest  instantaneous  acceleration  (+)  direction;  Min  =  greatest 
instantaneous  acceleration  (-)  direction;  P-P  =  greatest  peak-peak 
acceleration . 

*  M“ft  =  0.000001  ft. 


Table  17 

Service  Gallery  Vibration 
Series  C 


Gate 


Test 

Opening 

Transducer 

Acceleration , 

g’s 

Freq 

Displ 

No. 

ft 

Location 

Max 

Min 

P-P 

Hz 

H-ft* 

1 

1.0 

Vertical 

0.001 

-0.001 

0.002 

78 

0.27 

Longitudinal 

0.001 

-0.001 

0.002 

78 

0.27 

Transverse 

0.001 

-0.001 

0.002 

78 

0.27 

2 

3.0 

Vertical 

0.001 

-0.001 

0.002 

156 

0.07 

Longitudinal 

0.001 

-0.001 

0.002 

156 

0.07 

Transverse 

0.001 

-0.001 

0.002 

145 

0.08 

3 

5.0 

Vertical 

0.001 

-0.003 

0.004 

156 

0.13 

Longitudinal 

0.001 

-0.002 

0.003 

78 

0.40 

Transverse 

0.002 

-0.003 

0.005 

145 

0.  19 

4 

7.0 

Vertical 

0.004 

-0.012 

0.016 

221 

0.27 

Longitudinal 

0.003 

-0.003 

0.006 

221 

0.01 

'’’ransverse 

0.007 

-0.009 

0.016 

128 

0.80 

C 

J 

9.0 

Vertical 

0.007 

-0.012 

0.019 

218 

0.33 

Longitudinal 

0.004 

-0.005 

0.008 

205 

0.16 

Transverse 

0.011 

-0.009 

0.018 

129 

0.88 

6 

11.0 

Vertical 

0.004 

-0.004 

0.008 

150 

0.29 

Longitudinal 

0.003 

-0.004 

0.007 

156 

0.23 

Transverse 

0.005 

-0.005 

0.009 

130 

0.43 

7 

13.0 

Vertical 

0.008 

-0.010 

0.018 

146 

0.69 

Longitudinal 

0.007 

-0.008 

0.015 

126 

0.77 

Transverse 

0.010 

-0.011 

0.020 

145 

0.78 

8 

15.0 

Vertical 

0.007 

-0.011 

0.018 

112 

1.17 

Longitudinal 

0.004 

-0.005 

0.008 

206 

0.  15 

Transverse 

0.007 

-0.011 

0.018 

112 

1.17 

Note:  Max  =  greatest  instantaneous  acceleration  (+)  direction;  Min  =  greatest 
instantaneous  acceleration  (-)  direction;  P-P  =  greatest  peak-peak 
acceleration . 

*  M-ft  =  0.000001  ft. 


Table  18 

Service  Gallery  Vibration 
Series  D 


Gate 

- - 

— 

Test 

Opening 

Transducer 

Acceleration . 

g's 

F  reu 

Di  sp  1 

No . 

ft 

Location 

Max 

Min 

P-P 

Hz 

u-ft* 

9 

1.0 

Vert ica 1 

0.001 

-0.001 

0.002 

79 

0.26 

Longitudina 1 

0.001 

-0.001 

0.002 

79 

0.26 

Transverse 

0.001 

-0.001 

0.002 

79 

0.26 

8 

3.0 

Vertica 1 

0.001 

-0.001 

0.002 

79 

0.26 

Longitudinal 

0.001 

-0.001 

0.002 

79 

0.26 

Transverse 

0.002 

-0.001 

0.003 

145 

0.  12 

7 

5.0 

Vertical 

0.007 

-0.055 

0.062 

156 

2.08 

Longitudina 1 

0.003 

-0.005 

0.008 

156 

0.27 

Transverse 

0.005 

-0.007 

0.012 

145 

0.47 

6 

7.0 

Vertical 

0.004 

-0.033 

0.037 

185 

0.88 

Longitudinal 

0.003 

-0.004 

0.007 

223 

0.12 

Transverse 

0.007 

-0.007 

0.014 

128 

0.70 

5 

9.0 

Vertical 

0.006 

-0.035 

0.041 

141 

1.68 

Longitudinal 

0.005 

-0.006 

0.011 

206 

0.21 

Transverse 

0.012 

-0.011 

0.023 

229 

0.36 

4 

11.0 

Vertical 

0.007 

-0.008 

0.015 

152 

0.53 

Longitudinal 

0.006 

-0.005 

0.011 

201 

0.22 

Transverse 

0.008 

-0.008 

0.016 

130 

0.77 

3 

13.0 

Vertical 

0.008 

-0.012 

0.017 

145 

0.66 

Longitudinal 

0.006 

-0.006 

0.010 

126 

0.51 

Transverse 

0.007 

-0.008 

0.014 

143 

0.56 

2 

16.0 

Vertical 

0.014 

-0.014 

0.024 

169 

0.69 

Longitudinal 

0.008 

-0.009 

0.017 

75 

2.46 

Transverse 

0.013 

-0.015 

0.027 

168 

0.78 

1 

15.0 

Vertical 

0.006 

-0.023 

0.026 

114 

1.63 

Longitudinal 

0.004 

-0.004 

0.008 

205 

0.  15 

Transverse 

0.010 

-0.012 

0.022 

110 

1.48 

Note:  Max  =  greatest  instantaneous  acceleration  (+)  direction;  Min  =  greatest 
instantaneous  acceleration  (-)  direction;  P-P  =  greatest  peak-peak 
acceleration . 

*  M-ft  =  0.000001  ft. 
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ON  ALL  TESTS. 
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